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Abstract
For the past two decades the suitability of fibre reinforced composite components for use in 
structural engineering is being realised. As composite materials have a low specific weight and 
excellent durability characteristics they have now become an attractive alternative to 
conventional construction materials. Although general acceptance of composites in structural 
engineering will take time, considerable advances in research and development of these 
materials are and have been achieved worldwide. A major development in advanced composite 
technology in recent years has been the refinement of the pultrusion manufacturing technique 
enabling the production of a variety of high quality structurally efficient composite components 
to be made for use in the construction industry. This thesis will analyse and compare the 
experimental, analytical and numerical behaviour of composite structures which are 
manufactured from an advanced fibre reinforced pultruded interlocking cellular component.
As composite materials are anisotropic in character their mechanical properties are 
fundamentally different from conventional construction materials. Analytical macro and micro 
mechanical theories available for the design of composite materials tend to be empirical and 
therefore are not capable of predicting the exact mechanical response of the composite material 
in a given pultruded component. As a consequence experimental testing of the advanced 
composite material is the only reliable method of determining the mechanical behaviour of 
components made from it. In the current work coupon samples of the pultruded composite 
material were cut, at off-axis angles of 0°, 45° and 90°, from the anisotropic component and 
were then subjected to a series of experimental tests to characterise their mechanical behaviour. 
These tests investigated the short term static, the short term thermal, the long term thermal, the 
fatigue, the durability, the hygrothermal and the failure criteria of the composite material.
Analytical equations representing the mechanical behaviour of the composite material were 
developed using the results of the experimental tests performed and other published research. 
Generally the developed equations were shown to represent accurately the experimental 
response obtained from the composite material coupons.
The finite element technique was used to model the complex geometry of the pultruded 
components but the current capabilities of this technique are not able to model the nonlinear 
anisotropic behaviour of composite materials. Consequently a numerical tensor representing the 
mechanical behaviour of the composite material was developed and this was then interfaced 
with a finite element package. This tensor, which is general in format, can be used to represent 
the mechanical response of any composite material in a finite element analysis provided a series 
of experimental tests has been performed on the composite material.
To verify the numerical technique which was developed for structural composites, prototype 
pultruded composite bridge superstructures were tested experimentally under incremental 
loading to failure, concentrated local loads, transient loads, dynamic, buckling and fatigue 
loads. The experimental test results compare well with those obtained from identical numerical 
models of the prototypes.
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Chapter 1 % Introduction
1.1 Composite materials
The rapidly expanding use of composite materials in structural engineering applications in the 
recent past has created an optimistic climate for their continued use in the future. Although the 
practice of using two or more materials to produce reliable structures has existed for thousands 
of years high technology advanced fibre reinforced composite materials suitable for demanding 
structural purposes have only evolved over the past twenty years. Materials, processing 
advances and computational improvements have been instrumental in the use of these materials 
for structural purposes.
Designs in composite materials have often been based on over simplified analytical theories. 
However, fibre/matrix composites due to their relatively high strength and favourable 
degradation characteristics have been reliable and competitive in spite of the less than perfect 
design practise adopted. The objective of this thesis is to develop a design technique utilising 
detailed experimental, analytical and numerical methods for the specific Maunsell plank in the 
design of composite structures.
For a new material, a new application or a new product it is absolutely necessary to prove the 
performance of the composite system before exposing the product to the unsuspecting market. 
This philosophy necessitates that, at the design stage, experimental data capable of defining the 
response of the product in its proposed environment is available. Without such data the design 
of composite components would be reduced to inspired guesswork, the prospect of possible 
failure, gross over design accompanied or expensive material wastage naturally ensues.
1.2 Polyester-E Glass composite materials
The combination of an unsaturated polyester resin with electrically graded continuous glass 
fibres is presently the most economical form of composite material available for use in structural 
applications.
An unsaturated polyester resin consists of inorganic polymeric chains which are dissolved in a 
reactive organic solvent (monomer). The addition of a suitable catalyst causes the polymer to 
undergo a chemical reaction which forms a tough, durable and relatively soft solid which will 
be referred to in this work as the matrix. Factors such as processing (which determine the 
polymer chain length), monomer content, fillers and pigments all affect the mechanical 
properties of the resulting matrix.
Glass fibre reinforcement is introduced to the matrix prior to the curing. This improves the 
mechanical properties of the resulting composite material produced. Glass fibre filaments which 
are manufactured in a variety of forms, e.g. cloths, woven rovings, continuous rovings and 
randomly chopped fibre mats, are the most commonly used filament type with polyester based 
matrices. E glass fibres which have a low alkali content provide good electrical, mechanical and
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chemical resistance are suited for use in structural composite components.
This thesis investigates the mechanical characteristic of a glass fibre/polyester matrix composite 
component manufactured by the pultrusion technique.
1.3 The pultrusion process and its components
In the pultrusion process, tightly packed continuous bundles of fibres, carrying other layers of 
fibres with the desired orientation are passed through a resin bath with catalysed resin and then 
pulled through a heated die to form continuous prismatic members. The pultruded component 
investigated in this work has a fibre mass fraction of 68%. A high percentage of the fibres were 
unidirectionally aligned. This renders the component highly anisotropic, the highest strength 
and stiffness occurring in the principal direction of the fibres. In this work pultruded 
components will be referred to as advanced fibre reinforced composites (AFRC).
Pultruded composites have a high strength to weight ratio making them suitable for structural 
applications where structural weight is a primary consideration, e.g. bridges, sign gantries, 
high strength light weight flooring. Also the extremely good corrosion resistance of these 
materials allows AFRC to be used in hostile environments, e.g. sulphur or chloride intensive 
areas, [Salama 1986].
1.4 Necessity for the experimental testing of AFRC materials
The analysis and design of AFRC materials are not well developed. Insufficient experimental 
data is available to develop empirical characterisations capable of predicting the mechanical 
response of a given matrix-fibre combination. Unlike other conventional construction materials 
the AFRC encompasses a multitude of matrix types, fibre types and fibre arrangements and as a 
consequence a subtle change in the resin type or fibre content or fibre arrangement can have a 
dramatic effect on the mechanical properties of the AFRC material, experimental testing is 
therefore the only practical method of determining the mechanical behaviour of AFRC 
components.
AFRC are unique materials. Their mechanical characteristics are complex and dependent on a 
large number of state and field variables, e.g. temperature, moisture, humidity, creep, fibre 
layup, fibre orientation, matrix and connection type. To achieve an accurate representation of 
the mechanical behaviour of an AFRC material all of the above variables have to be addressed 
in experimental testing regimes. Suffice to say there is also a high degree of interaction 
between the field and state variable which can dramatically affect the mechanical response of the 
material. For instance an AFRC material exposed independently to an elevated temperature or 
elevated humidity will behave in a different manner to the AFRC if it is exposed concurrently to 
an elevated temperature and elevated humidity, [Tsai, 1987]. Fibre layup can cause a high 
degree of anisotropy in AFRC materials, therefore, it is necessary to characterise the composite 
material in a variety of off-axis fibre situations; this necessitates the development of orientation 
tensors and an anisotropic failure criteria for the material.
1.5 Analytical characterisation of AFRC materials
Once the experimental data for a composite material is obtained the various mechanical 
responses of it can be represented by analytical equations. These equations are specific to 
composite materials but are general in form since AFRC materials represent a variety of matrix 
types and fibre lay ups.
Analytical equations are a useful way of quantifying the spectrum of composite material 
responses required for design purposes. The stress strain response of the material can be 
represented accurately using power law equations. These power laws can then be modified to 
account for thermal dependence. The failure mechanism of the composite material can be 
represented by elliptical surfaces provided enough tensile and compressive experimental data is 
available. The analytical equations derived for these failure surfaces can then be modified to 
account for thermal dependence. The combined effects of temperature and moisture, which will 
be referred to in this work as the hygrothermal effect on the material, can be represented 
analytically by relating a normalised temperature (non dimensional temperature) to variations in 
the moisture content of the material. Orientation matrices can be developed using the method of 
multiple transformations, {Tsai, 1987].
1.6 Numerical characterisation of AFRC materials
With the emergence of powerful computers in the recent past numerical procedures for 
analysing the structural behaviour of complex material behaviour and structural geometry can be 
achieved accurately and rapidly. The finite element method has become the most powerful tool 
in the analysis of structures. The ABAQUS finite element package [Hibbitt et al, 1995] is used 
in this work to characterise numerically the structural behaviour of the composite material and 
the prototype structures manufactured from it. However, the material modelling procedures in 
ABAQUS cannot model the non linear anisotropic thermally dependent behaviour of the 
material. A user subroutine which specifically characterises the material behaviour had to be 
developed. This subroutine, which was programmed in Fortran90, presents the short term, 
long term and hygrothermal compliance of the composite material tested in tensorial form. A 
procedure to calculate the stress resultants in any off-axis direction is included in the 
programme. The Tsai-Hill failure criteria, [Holmes & Just, 1983] is incorporated into the 
numerical model to indicate the location, direction and load at which numerical failure occurs. 
Through-thickness shear parameters, which are calculated using micro mechanics and 
Timoshenko theory, [Timoshenko, 1961], are incorporated into this numerical material model 
so that the flexural behaviour of the material can be quantified. The numerical material model 
developed is based almost totally on experimental results.
1.7 Experimental testing of prototype structures for this work
The results from experimental tests performed on a total of four prototype structures; two 
eighteen metre box beams, a one eighth section of a road bridge and the in service road bridge 
superstructure, will be presented in this work. All of the prototype structures were 
manufactured from AFRC materials using the advanced composite construction system
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(ACCS)i. The ACCS system consists of a series of cellular planks and connectors, as shown 
in Figure 1.1, which can be interlocked to give a variety of structural configurations.
The two eighteen metre box beams were loaded back to back and exposed in the natural 
environment for a period of nine months. The purpose of these tests were to ascertain the creep 
and recovery characteristic, environmental degradation and thermal behaviour of the prototypes.
A twelve metre box beam was tested dynamically under laboratory conditions. The purpose of 
this test was the detennine the fundamental frequency of the structure, its coefficient of natural 
damping and maximum vibrational displacement amplitude. The beam was then strain gauged 
and loaded to failure using a four point loading regime. As the load was applied incrementally 
the strain gauges detected the onset of non linear behaviour at various locations on the box 
beam. Failure occurred over a diaphragm at a total load of 60 tonnes.
A one eighth section of the superstructure of a composite road bridge was tested in the 
laboratory to ascertain the response of the structure to concentrated wheel loads. A unique 
feature of this structure was the incorporation of an epoxy foam into the voided cells of the 
ACCS planks. The purpose of this foam was to distribute effectively the applied concentrated 
load throughout the structure. Short term, cyclic loading, creep, recovery and an attempted test 
to failure were performed on the structure.
The in service response of composite road bridge was experimentally tested. To perform this 
test an eighteen tonne truck was placed on the bridge and the resulting deformations were 
obtained using the precise levelling technique.
1.8 Theoretical characterisation of the prototype responses
Theoretical characterisation of the experimental results obtained from the prototype tests was 
achieved using analytical and numerical techniques. The analytical representation of the 
composite material behaviour considered each experimental test independently. No interaction 
between the various experimental tests was sought analytically as the algorithms developed 
were independent of each other. All the analytical theories used in this work are verified by 
comparison with the above relevant experimental response of the composite material.
The numerical representation of the behaviour of the composite material sought to combine the 
various experimental responses into a unified equation. By presenting this equation in tensorial 
form and developing its orientation tensor the complete mechanical response of the material can 
be obtained for all off-axis fibre directions. The tensor is modelled such that temperature and 
humidity variations can be accounted for. Failure criteria and the orientation tensor have been 
developed such that a complete numerical characterisation of the composite materials mechanical 
behaviour is achieved. The tensors developed have been programmed in Fortran 90 and are 
used in the finite element analyses of the prototype structures tested. Verification of this 
numerical procedure is obtained by comparing the experimental results on the structural
1 Developed and patented by Maunsell Structural Plastics, Beckenham, Kent, U.K.
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components mentioned above.
1.9 Structure of this Thesis
This work is divided into various chapters. Chapter two is a literature review undertaken in the 
fields of experimental, analytical and numerical procedures used in composite material design. 
The object of this chapter is to present published research findings which are relevant to the 
development of the theory developed and presented in this thesis. Chapter three is divided into 
three sections which all relate to the mechanical behaviour of the composite material. The first 
section of chapter three discusses the experimental test procedures and results obtained from 
composite coupon samples of the material. The second section of chapter three discusses the 
development of analytical algorithms used to define the mechanical behaviour of the material. 
The final section of chapter three discusses the development of the numerical tensor used in the 
finite analyses of structures fabricated from this material. The analytical algorithms and 
numerical tensor presented in chapter three are developed on the bases of the experimental 
results obtained from the first section of this chapter. The objective of chapter three is to 
indicate the accuracy and the comprehensive nature of the analytical and numerical models 
which characterise the material behaviour of a particular advanced composite system and how 
these models have being developed from experimental test results. Chapter four discusses the 
experimental tests which were performed on two eighteen metre box beams exposed to constant 
load in the natural environment for a period of nine months, the dynamic response and testing 
to failure under laboratory conditions of a twelve metre box beam and the response of the 
individual ACCS plank components. The objective of chapter four is to detail the experimental 
techniques used in the testing of large prototype structures and to present the experimental, 
analytical and numerical results obtained from these tests. Chapter five compares the 
experimental performance of a section of a composite road bridge superstructure with a 
numerical model of the structure incoiporating the material characterisation routine developed in 
chapter three. The objective of chapter five is to verify the reliability of the numerical procedure 
developed in chapter three. This is achieved by collating the experimental results obtained from 
the structural tests with the results obtained from an identical numerical model of the structure. 
Chapter six presents experimental, analytical and numerical conclusions obtained from the 
present research programme and makes recommendations for future work. The major 
contribution of this work to science is contained in this chapter.
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Chapter 2 I Literature review
2.1 Introduction
Over the past twenty years extensive research into the mechanical behaviour of composite 
materials, suitable for civil engineering projects, has been carried out. [Johnson, 1978] 
assimilated much experimental data relating to hand-laid and filament wound composite 
structures. He scrutinised the short term, long term, impact and fatigue responses of various 
polymers and composite materials. [Holmes and Just, 1983] and [Hull, 1981] characterised the 
laminate properties of composites from a theoretical viewpoint. They postulated many fonnulae 
which are dependent upon a minimal amount of experimental data. Both authors have 
developed a simple linear elastic orthotropic compliance tensor for composites which combine 
many state variables; ie hygrothermal effects, initial temperature or moisture content of the 
composite. The material characterisation approach proposed by [Tsai, 1992] is more detailed 
and relies heavily on experimental data. He developed the baseline method of analysis of 
composite materials. Tsai developed failure criteria and degradation analyses methods for 
composite materials. The Tsai approach to composite design is both micro and macro 
mechanical.
[Sunk and Springer, 1989] have proposed and experimentally verified a numerical technique 
for the complete characterisation of laminates at elevated and varying temperatures. By relating, 
in power law form, the modulus of the material and stress at a given temperature to their 
respective values at room temperature, the short term nonlinear response of any material can be 
modelled.
The analytical equations developed for this work are in the form proposed by [Schapery, 1969] 
for nonlinear visco-elastic analysis. [Dillard and Brinson, 1990] provide the nonlinear creep 
algorithms suitable for the modelling of experimental creep data. Their creep equation is based 
on the Findley equation. [Dillard and Brinson, 1982] developed constitutive time dependent 
compliance matrix for a laminate material. Stress interaction is accounted for in the compliance 
matrix by using the octahedral shear stress in the matrix as the nonlinearising parameter. 
[Cardon et al, 1990] proposed failure models based on the interaction of residual life and creep 
rupture curves. A numerical procedure, suitable for finite element programming, which predicts 
the nonlinear creep compliance and delayed failures in general laminated composites is given by 
[Dillard, Morris and Brinson, 1982]. [Wang and Dillard, 1990] investigated the effects of 
moisture content on the creep characteristics of Kevlar based composite materials. Their 
findings show that cyclic moisture ingress and egress have a pronounced effect on the creep 
behaviour of composites.
[Bicos and Springer, 1986] present the preliminary calculations for the design of composite box 
beams. Internal forces and deflections are calculated using the principle of virtual work, 
buckling loads are determined using the principle of total potential energy and the ultimate
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service load is calculated using the first-ply-failure criteria. [Holmes and Rahman, 1980] 
investigated experimentally the creep behaviour of composite box beams. Studying tensile, 
compressive and shear creep they found that the initial deflections under one-third the ultimate 
load increase by 110% over 15000 hours. They recognised regions of instability caused by 
compressive creep. [Meier, 1992] shows how composite materials can be used in large bridge 
spans. He demonstrates, based on 1989 material costs, that composite spans above 4200m are 
more economical than conventional structural materials.
2 .2  Experimental testing of composite materials
[Turner, 1983] shows that the various categories of mechanical tests performed on composite 
materials are clearly separable but mutually interdependent. He does this by identifying 
common features in the various experimental techniques. By using this approach he shows that 
fundamentally the testing of composites can be divided into three categories; short term, long 
term and environmental tests. This idea for the experimental testing of composites was adopted 
for this work. [Curtis, 1985] recognised that composites by nature are anisotropic and as a 
result a greater number of specimens of the material need to be tested and precision in test 
apparatus and methods is of paramount importance. He standardised test methods into tensile, 
compressive and flexural. He further standardised the behaviour of the composite material by 
specifying test coupon dimensions, test rig dimensions, testing speeds and the analytical 
interpretation of the results. These test methods were adopted for the experimental testing of 
coupons presented in this work. [Brown, 1988] addressed the response of composites to 
temperature and moisture variations. He provided a comprehensive methodology for the testing 
of composites, the equipment required and the statical evaluation of the results obtained.
2.3  Experimental testing of prototype composite structures
The first structures employing advanced fibrous composites were realised in the seventies and 
early eighties in the USA [Mc Cormick, 1976], Bulgaria [Head, 1988], and China [Shu and 
Yao, 1983].
In 1980 China research began into the feasibility of building a bridge from FRP materials, [Shu 
and Yao, 1983]. Extensive static, dynamic and fatigue tests were performed on a quarter scale 
and prototype girder for the proposed structure to prove its viability. The superstructure 
consisted of a honeycombed polyester box girder reinforced with glass cloth woven with 
different warp and weft density. The box girders were placed at different locations on the 
structure so as to minimise expense and optimise the structure’s rigidity. The Beijing-Miyun 
composite road bridge built in 1982 has a length of 20.2 metres, a width of 7 metres and an 
overall depth of 1.67 metres. It was composed of five prefabricated box sections which were 
glued on site. The self weight of the structure was 30 tonnes. The modulus of elasticity of the 
material was 21 GPa. The honeycomb core was the key to the structure of the box girder 
because it linked top, bottom, and the side plates and ensured a more even path for stress 
redistribution in the cross section. The structure was fabricated using the hand lay up technique. 
In one experiment, associated with the work on the bridge, blocks of the FRP were exposed to 
sun light for five years. It was concluded that the aging tendency of the material was slow.
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However, all exposed elements of the actual bridge structure were treated with a resin coating 
capable of resisting ultraviolet radiation.
The Bonds Mill lift bridge on the Stroudwater Navigation is the worlds first advanced 
composite road bridge, [Head, 1994]. A modified version of limit state design approach, 
specifically aimed at composite materials, was used in the design of the structure. By injecting 
an epoxy foam into the voided cells of the ACCS planks of the structure a sandwich system 
was created. The high concentrated loads induced by heavy goods vehicles were thus 
distributed more efficiently through the structure. The low specific weight of the structure made 
it an idea lift bridge. As a consequence of the light weight of the lift bridge savings were made 
on the jacking equipment. The bridge was designed to withstand a HA UDL of 73 kN/m and a 
concentrated pressure of 1.1 MPa over an area 300 mm by 300 mm. Two longitudinal 
segments which comprised the deck were manufactured in a warehouse and these were then 
transported to site. The segments were bonded on site and the bridge superstructure was then 
put in place. Detailed laboratory research work and monitoring of this bridge was carried out at 
the University of Surrey.
[Bicos and Springer, 1986] analysed a single cell composite box beam. The beam was 
composed of four longitudinal connectors. On the sides, the longitudinal connectors were 
joined using spar webs. On the top and on the bottom, the longitudinal connectors were 
connected by three cover sheets having the same thickness. The box beam was supported as a 
cantilever. The analysis of the internal forces and deflections utilised an idealised model of the 
box beam which was composed of bars modelling the longitudinal connectors and panels 
modelling the cover sheets and spar webs. The analysis utilised the theorem of virtual work. 
Buckling of the box beam was considered by using the principle of total potential energy. The 
principle was based on the assumption that only shear and uniaxial loads may cause buckling of 
these elements. Failure of the box beam was assumed to occur when any one of the plies failed. 
The maximum load causing first ply failure in any of the elements is calculated using the Tsai- 
Wu quadratic failure criterion. Long term effects were not considered in this analysis.
[Meier, 1992] focused on the use of fibrous composites in large bridge structures. The paper 
gives an overview of the state of the art for these materials. An example of carbon fibre 
reinforced epoxies was used to illustrate developments that could be expressed in the near and 
intermediate future. A discussion on the benefits of strengthening existing reinforced concrete 
structures by bonding on carbon fibre plates was discussed and examples of research carried 
out over the past twenty years by the Swiss Federal Laboratories for Material testing and 
Research are given.
[Bank and Rhodes, 1989] examined experimentally the buckling behaviour of orthotropic 
composite panels. The results were applied to a reinforced plastic box beam fabricated from 
unidirectional composites. The buckling behaviour of the plates was calculated using energy 
methods. This allowed the evaluation of the buckling loads for a range of plates of varying 
aspect ratio and thickness. The equations obtained were modified to calculate the buckling loads
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for boxes fabricated from these plates. The modifications involved the use of compatibility 
equations. The sections were then considered as a series of linked orthotropic plates. The 
analytical analysis of a box section was performed using the proposed method such that the 
critical loads for various geometries were predicted.
[Holmes and Rahman, 1980] analysed three six metre long glass fibre composite box beams. 
The beams were subjected to various loading regimes in order to analyse their creep behaviour. 
The first beam carried a constant load, equivalent to one third'its ultimate load, the second beam 
was alternatively loaded and unloaded and the third beam was left to support its own weight. 
The total test period was twenty months. It was found that glass fibre materials were more 
liable to creep than conventional construction materials. The beam which was laid up in a mould 
had bidirectional reinforcement. A four point loading regime was adopted to stress the 
structures. Strain was monitored using Denlec gauges. The mid span deflections of the 
alternatively loaded/unloaded beam were slightly higher than those for the permanently loaded 
beam. They were both higher than the unloaded beam. Creep strains at the end of twenty 
months were still in their secondary phase. Analytically the creep behaviour was predicted 
using the Findley power law. Initial deflections under one third ultimate load increased by 
110% due primarily to creep over twenty months. The primary creep phase took forty two 
days. It was apparent from the results presented and those obtained in this work that the method 
of manufacture of the composite contributes largely to the over transient response of composite 
structures.
The Royal Institution of British Architects (RIBA) awarded first prize for a bridge crossing the 
river Thames to a proposed structure fabricated from composite materials, [Field, 1989]. The 
bridge structure was atheistically pleasing but was ahead of its time. The conceptual designers 
tended to treat the FRP as if it were steel and as a consequence the jointing mechanisms 
proposed would not pass the structural criteria. This bridge was never built. In 1993 three 
bridges were entered into a second competition which was initiated by the RIBA; these were 
partly or wholly designed using composite materials. The structure proposed by Hyder 
Consulting, U.K., consisted of a combination of aluminium and advanced composite decking. 
The form of the structure necessitated the use of light weight composites as a decking material 
as these materials are light weight.
2.4  Experimental and analytical short term behaviour of composite
materials
[Dillard and Brinson, 1982] proposed an analytical procedure capable of describing the visco­
elastic response of general laminates. By generating a non linear compliance model the creep 
response of the individual laminae were completely characterised. In deriving this model many 
simplifying assumptions were made; the authors disregarded the effects of temperature and 
moisture on the specimens. They also assumed that the compliance component of the material in 
the 0° off axis fibre direction was unaffected by temperature. The non linear transient behaviour 
of the composite was modelled using the Findley power law. However, for this work a 
logarithmic expression for the non linear transient behaviour was seen to given better
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correlation with experimental results.
Models are presented for the time dependent visco-elastic and visco-plastic stress strain 
relationships of unidirectional fibre reinforced thermosetting matrix composites exposed to 
elevated temperatures, [Sunk and Springer, 1989]. In particular this paper investigated the 
stress/ strain relationships for unidirectional composites subjected to both loads and 
temperatures. The thermal dependence of the modulus of the material was obtained by 
representing it as a power function of the operational temperature and glass transition 
temperature. The non linear model developed relates the strain to a cubic function of the stress. 
The thermally dependent modulus was introduced into this equation as a constant governing the 
thermal response of the material. This idea has been adopted in this work but the modulus was 
represented as a function of temperature in order to achieve a good correlation with the 
experimental data. Numerically the non linear stress versus strain curve was replaced by 
discretised straight line segments. Within each increment the strain was taken to vary linearly 
with stress; this assumption was applied to the finite element technique, accurate representations 
of the short term thermally dependent equations could be solved over small strain increments 
and thus give an accurate solution. An additional advantage of using the finite element technique 
is that material behaviour for large and geometrically complicated structures could now be 
solved accurately by using powerful computers. The visco elastic behaviour of the composite
material was analysed using [Lou and Schapery, 1971] model.
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[Sims and Wilson, 1978] derived an approximate elasticity solution for the transverse shearing 
stresses in a multilayered anisotropic composite beam. With this solution the distribution of 
shearing stresses through the laminate thickness could be determined for any ply orientation. 
Experimental data was shown to compare the theoretical strengths for glass/epoxy and graphite/ 
epoxy beams. It was found that experimental and theoretical strengths were in good agreement. 
The method proposed was used in the current research work to predict analytically the 
transverse shear stiffness of the composite in a bending situation.
[Markham and Dawson, 1975] analysed the stress distribution between two notches cut on 
opposite faces of a fibre reinforced composite coupon which was subjected to a tensile stress. 
Values of the interlaminar shear strength derived from this technique were found to be more 
consistent with those resulting from the widely used three point short beam test method where 
the fracture pattern can be complex. Examples of the measurement of the interlaminar shear 
stress for several types of fibre reinforced composites were given using the technique and 
analysis in this paper. Measurements were made on carbon and glass reinforced composites 
using fully aligned and cross ply continuous fibre systems, the load been applied along one of 
the fibre directions. The fully aligned samples all failed with a clean break which extended in 
depth to not more than a few fibre diametres on either side of the central planes. The reliability I 
of this experimental test could not be guaranteed since the test performed suited only the j 
particular test piece. Furthermore as the theory outlined in the paper did not consider the effect 1; 
of bending it is not suitable for use in this work.
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2.5  Experimental and analytical long term mechanical behaviour of
composite materials
One of the principle goals in the study of the visco-elastic behaviour of composite materials was 
to develop a reliable theoretical model which represents the experimental long term performance 
of the material. In recent years a wide range of analytical models and equations of varying 
degrees of accuracy have been developed to describe the time dependent behaviour of 
composite materials.
[Findley and Peterson, 1958] presented the long term creep data for the tensile creep of four 
composite laminates over a period of ten years at constant load, temperature and humidity. The 
experimental results have been analytically characterised using a power law relation, the stress 
dependent constants being determined using hyperbolic sine functions. Good agreement was 
found between the experimental data and the analytical equation over the test period. [Yen and 
Morris, 1989] introduced thermal parametres into the general power law equation, by 
representing compliance as a function of temperature. The general power law did not 
satisfactorily represent the transition from primary to secondary creep phases for the 
experimental data obtained for this work and as a consequence an alternative analytical transient 
model was sought.
[Schapery, 1969] developed constitutive equations from the fundamental principles of 
thermodynamics which were capable of evaluating material properties from experimental data. 
This method of analysis is not advantageous for this work since it required the calculation of 
four non linear stress dependent material properties for a simple uniaxial loading under 
isothermal conditions. Introduction of thermal dependence further complicates the development 
of creep models. It was necessary to perform recovery tests on the composite materials also. 
The Schapery technique, although well respected worldwide, was too complicated a procedure^ 
to use to represent the experimental creep data.
[Dillard and Brinson, 1992] proposed a non linear visco elastic model based on the Findley 
procedure which represented the creep of several graphite/epoxy composites. A laminar model 
was developed numerically which characterised the nonlinear visco elastic behaviour of the 
laminates tested. The visco elastic shear response was calculated using the 10° and 90° off axis 
results to determine the octahedral shear compliance components. The technique proposed 
makes many simplifications but the analytical equations developed were in a form suitable for 
processing by the finite element technique.
[Howard and Hoi law ay, 1987] carried out extensive experimental testing of randomly 
orientated glass fibre reinforced polyester composites using a novel pneumatic displacement 
transducer. The laminates tested were cut into 300 mm by 30 mm coupons samples and 
laminates were tested at levels of ten to forty percent of the short term ultimate tensile strength 
of the laminate for durations of 300 to 700 hours. After load removal, recovery data was taken 
for an additional 1000 hours. The non linear creep compliance components of the laminates 
were modelled using a power law relation which necessitated the use of two step creep data to
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determine all the stress terms. The creep response of the laminates were modelled by the 
Findley hyperbolic sine function. The major findings were that the pneumatic displacement 
transducers had the sensitivity and stability to measure the creep response of the materials. The 
materials tested were highly non linear in their creep response and the equations of Schapery 
were utilised to analytically characterise this response. Identical pneumatic displacement 
transducers (air jets) were used in the creep testing of composite coupons however, they were 
not sensitive enough to give reliable data in the primary creep phase.
To illustrate the unsuitability of using the Schapery equations [Zhang and Xiang, 1992] tested 
coupons from a [45%45°] glass/epoxy laminate under varying load levels for durations of 50 to 
100 minutes under normal laboratory conditions. The specimens were cut from 2 mm thick 
laminated panels into 150 mm by 25 mm coupons. The strains recorded from the test specimens 
were compared to the Schapery non linear visco-elastic constitutive relations, which had been 
modified for visco-plastic creep deformation and damage. A maximum discrepancy of 
approximately fifteen percent was found between the experimental and predicted results.
Due to the variations in the creep response of different composites, it is recognised that before 
an analytical equation can be developed, the form of the experimental response in at least three 
off axis angles should be considered carefully. [Solimen, 1969] investigated the long term 
performance of [0°/90°], [30°/-60°] graphite/epoxy laminates using both a four point bending 
test setup and a simple tensile test. The tension tests utilised 152 mm by 25 mm laminate 
coupons which were subjected to a uniform state of stress using pins as loading supports. The 
specimens were then subjected to stress levels between sixty four and ninety five percent of the 
ultimate short term strength in environmentally controlled conditions for a duration of 500 
hours. The resulting creep curves showed that creep in the specimen occurred in two stages; 
primary and secondary creep. In the first stage, the creep rate decreased continuously. The 
second stage revealed a slight continuing decrease in the strain rate. Unloading of the specimens 
revealed that thirty percent of the creep strain was unrecoverable, which the author attributed to 
a permanent deformation in the matrix phase of the composite and a relative motion between the 
fibres and the matrix. Soliman considered fibre orientation to have the largest effect on the creep 
behaviour of the material.
[Gramoll et al, 1990] showed the effects of temperature on the visco elastic behaviour of an 
FRP system. These curves demonstrated that raising temperature during static loading of FRP 
composites caused a substantial increase in the deformation of the system, although the shape 
of the curves remained the same. [Ponsot et al, 1989] found that elevated temperatures 
increased the acoustic emission rate, which was used to measure damage accumulation of a 
carbon/epoxy FRP system. The authors found that stabilisation of the emission rate occurred 
some time after a change in temperature. If the system was returned to a lower temperature, a 
continuation of the earlier emission rate occurred.
[Hugo et al, 1993] performed elevated temperature tensile creep tests on short fibre 
glass/polypropylene composite specimens with fibre contents of five to thirty percent by
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weight. They found a discernible difference between matrix/fibre interaction up to 40° C and 
interaction at temperatures above 50° C, which they attributed to an increase in non recoverable 
flow in the matrix at higher temperatures. The authors noted that the creep and creep damage 
were accelerated by higher fibre content, as the additional fibres induced crazing at relatively 
low stresses.
[Bhatnager et al, 1981] measured the creep strain in high fibre content unidirectional and 
bidirectional epoxy/E-glass laminates at 75° C,100° C and 150° C for stress levels of 40%, 60% 
and 80% of the short term ultimate tensile strength. The authors found the elastic behaviour of 
the material to be linear except at the highest temperature and stress levels. The observed visco­
elastic behaviour for each test resulted in a greater departure from linearity for the visco-elastic 
behaviour of both the bidirectional and unidirectional specimens. Like [Solimen, 1969] the 
authors also noted that only a small recovery of the visco-elastic deformations resulted after 
unloading, indicating non linear visco elastic behaviour.
2.6 Hygrothermal effects in composite materials
[Laszlo et al, 1993] applied a three dimensional stress analysis to a fibre reinforced organic 
matrix composite cylindrical segment subjected to hygrothermal and mechanical loads. These 
applied loads were permitted to vary radially and circumferentially but not axially. Solutions 
were presented which yielded radial and circumferential varying strains and stresses inside the 
composite cylindrical segment. The major finding stated that the hygrothermal effects on the ply 
are not translated directly to the laminates.
[Tsai, 1987] used a base line approach which was used to determine the hygrothermal response 
and utilised micro mechanics for a defined laminate layup and the curing process adopted for 
the specific composite material. Empirical results for the temperature and moisture dependent 
ply data is utilised to achieve the micro-mechanical solution. The method of back calculation of 
the virgin properties of the composite material is adopted. Hygrothermal effects are analysed as 
power law functions of the non dimensional temperature. Hygrothermal analysis of a 
unidirectional composite is considered in detail. This investigation revealed that all exponents 
must be determined experimentally and the effect of residual stresses due to lamination are 
highly interlocked with the hygrothermal properties of the material. Also hygrothermal effects 
on the limit and ultimate states are similar and follow the trend from the lowest stress level at 
cold/dry conditions due to residual stress to the highest at hot/wet. Tsai predicts that moisture 
absorption relieves curing stresses and increases both the limit and ultimate strengths. The 
effect on the limit state is greater than on the ultimate limit state. The method proposed requires 
many assumptions such as non dimensional temperature with a built in temperature shift due to 
moisture absorption. As composite materials do expect to operate under different environmental 
conditions hygrothermal analysis of the material is important.
[Fridley et al, 1990] show the effect of environmental histories on the load duration, the 
behaviour of structural lumber is analysed with regards to hygrothermal effects. Constant load 
tests were conducted in a variety of constant and cyclic environments to define environmental
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effects on the load duration behaviour and to determine model constants. Constant 
environments were found not to have any substantial effect on the load duration behaviour if 
their effect on the short term strength is accounted for properly. However, cyclic moisture 
conditions caused a marked decrease in time to failure. This additional damage is associated 
with the macro absorptive behaviour. A cumulative damage modelling approach was used to 
model the effect of mechanical, thermal and moisture loadings on the load duration behaviour. 
A damage parameter is introduced to account for the additional damage associated with cyclic 
histories. The results from this investigation indicated that the effect of various levels of 
constant hygrothermal conditioning on the load duration behaviour of structural lumber can be 
predicted if their effects on the short term strength can be accurately predicted. An experimental 
observation is that additional damage is caused by the presence of mechano absorptive effects, 
this is true also for composite materials. The non linear relation between applied stress and 
changes in moisture content have long been recognised in creep.
2.7 Fatigue of composite materials
[Yang et al, 1990] showed that fatigue damage in composite laminates is a complicated 
phenomenon involving different mechanisms, such as fibre breakage, matrix cracking and 
delamination. Various damage mechanisms in composite laminates take place simultaneously 
and the total cumulative fatigue damage can be represented by changes in the strength, stiffness 
and the other material properties. Astatistical method was proposed as a stiffness
degradation model for composite models subjected to fatigue loading. Based on such a model 
the distribution of the residual stiffness at any number of load cycles was predicted after
base line data had been generated. While the distribution of stiffness for the entire population of 
composite laminates was an important consideration at the design stage, the stiffness reduction 
for a particular laminate in service was of greater importance. At the design stage base line data 
was obtained from laboratory tests. After specimens were subjected to fatigue cycling, stiffness 
degradation data became available from non destructive measurements. Such measured data 
was used to provide better predictions for the future stiffness degradation not only for the entire 
population but also for individual specimens. Two different methods, linear regression and the 
Bayesian approach were used in this work. The linear regression analysis was used when the 
base line data are either not available or too limited to be statically meaningful, whereas the 
Bayesian approach can be used to update predictions based on the available data. A test 
programme using coupon specimens [90,+45,-45,0], graphite/epoxy 3501-6/AS4 composite 
laminates was initiated for the purposes of evaluating model parametres and verifying 
predictions for the stiffness degradation. A degradation model for graphite laminates
subjected to fatigue loading was proposed. The model parametres were determined from base 
line data which were available at the design stage. The distribution of the residual
strength at any number of load cycles for the entire population of the composite laminates was 
predicted, based on the model. The experimental programme conducted generated statistically 
meaningful data for the verification of proposed theoretical models. Correlations between 
experimental results and theoretical predictions were shown to be quite reasonable. The 
stiffness degradation model and the prediction methodologies presented represented a first step 
toward the possible solution for practical applications to composite structures in service.
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[Tsai, 1987] shows that composite materials exhibit very complex failure mechanisms under 
static and fatigue loading because of their anisotropic characteristics in their strength and 
stiffness. Fatigue failure was usually accompanied with extensive damage which was multiplied 
throughout the specimen volume instead of a predominant single crack. The four basic failure 
mechanisms were matrix cracking, delamination, fibre breakage and inter-facial debonding. The 
type and degree of this damage varied widely depending upon material properties, laminations 
including stacking sequence, type of fatigue load, ect. It has been observed that damage 
development under fatigue and static loading was similar except that fatigue at a given stress 
level caused additional damage to occur as a function of cycles. There was a considerable 
difference in the development of the 90° off axis fibre angle £rack | between the stacking 
sequence in a quasi isotropic laminate. The 0° off axis fibre angle\were seen to be susceptible to 
cracking in the fibre direction, due primarily to transverse stress in the 0° off axis fibre angle of 
a multidirectional laminate. Because the transverse stress was small, axial cracking in the 0° off 
axis fibre plies is unlikely to occur under static loading. Amongst the various environmental 
factors which influence the mechanical performance of composite materials, temperature and 
moisture were shown to be of great concern. The change of temperature and moisture not only 
affected the intrinsic material strength, but also the state of the residual stresses present in the 
composite material.
The effect of test frequency on the fatigue life appears to have some inconsistencies in various 
literatures. However, the frequency dependence of fatigue life was generally negligible in the 
range from 1 Hz to 30 Hz for most composites for the 0° off axis fibre angle. Matrix controlled 
laminates are expected to be susceptible to the test frequency because of the sensitivity of the 
matrix to the loading rate and temperature. The fatigue behaviour is expressed by the 
relationship between fatigue stress, fatigue life and cycles to failure. Constant amplitude fatigue 
tests are normally conducted under five differing stress levels. The values of the extreme stress 
levels were chosen so that fatigue cycles under the extreme stress levels ranged between 1CK 
and 106 cycles. Large variations in fatigue data ^ com m on in composites, and hence the S-N 
curve obtained from mean life is only considered an approximate curve which may be seriously 
in error depending upon the degree of the scatter for the material considered. In view of the 
foregoing variability in test results, a procedure developed for evaluating the fatigue strength 
more accurately was developed. By assuming the fatigue data followed the classical power law 
and the two parameter Weibull distribution, natural logarithms of the resulting equation could 
then be obtained. The form of the resulting equation allows the two unknown parameter of the 
Weibull equation to be determined using linear regression. Prediction of the fatigue life of 
composites is shown to be highly dependent on statical approximations. It was found that 
fatigue models were best represented by the residual strength as the criticality of damage instead 
of crack length because composite failure was characterised by a multitude of matrix cracks and 
fibre breaks rather than a single dominant crack growth.
[Johnson, 1978] presented fatigue data on woven and unidirectional fibre reinforced 
thermosetting resins. He concluded that the fatigue properties of the laminates were highly 
dependent on the direction of loading.
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[Owen and Found, 1975] addressed the off axis response of fabric/poly ester laminates. They 
found that the fatigue strengths were reduced as the angle between the warp fibres and the 
applied load increases, being lowest at a 45° off axis angle. Their data infers that the anisotropy 
in the fatigue properties appeared to become less significant at high cycle ratios. The short term 
ultimate strength varied from 231 MPa to 130 MPa at 0° and 45° off axis fibre angles, 
respectively, but after one million cycles this ratio was reduced to 69 MPa and 44 MPa. In the 
same test programme shear fatigue tests were carried out on the material. It was found that the 
short term shear strength parallel to the fibre direction was 75 MPa and after one million cycles 
the shear fatigue strength fell to 39 MPa.
2 .8  Micro-mechanical analysis of composite materials
|Tszeng, 1994] investigated the micro-mechanics at the scale of reinforcement in a short fibre 
reinforced unidirectional composite undergoing elastic/plastic deformation. The equivalent 
inclusion method was extended to consider composite systems comprising fibres of variable 
aspect ratio. The flow rule of the matrix material was incorporated such that the composite 
deformation involved multiaxial loading could be handled. Theoretical predictions were 
reported on the effects of variable fibre aspect ratio, loading direction, and hydrostatic stress on 
the macroscopic behaviour of the composite and the stress state at the reinforcement scale. The 
number averaged aspect ratio could be used for determining the macroscopic stress strain 
relation of the composite provided that the fibre volume fraction was relatively low. The fibre 
stress and matrix average stress were approximately linearly dependent upon the macroscopic 
hydroscopic hydroscopic stress in the composite. The calculated results of the stress strain 
curves and plastic Poisson’s ratio corresponding to a range of off axis angles were in good 
agreement with the experimental data.
[Tsai, 1987] used the back calculation method on simplified formula to calculate the micro 
mechanical effects for various laminates. Formulae were presented for calculating the shear 
modulus, volume fraction, transverse modulus and expansion coefficients of an arbitrary 
laminate. The introduction of a stress partitioning factor ensured compatibility of stress on the 
fibres and matrix of the laminate. The formulae presented were not sophisticated but were easy 
to use. As a consequence they provided sufficient insight for determining the trend in sensitivity 
studies and giving direction to optimising design. Micro mechanical formulae play a critical role 
in establishing hygrothermal dependency of the composite material. Tsai showed how micro­
mechanical methods could be successfully integrated into macro-mechanical theory to provide a 
power tool for the efficient use of composite materials.
2.9  Numerical representation of composite behaviour
[Kennedy, 1994] considered a three dimensional finite element analysis treating the nonlinear 
visco elastic response of laminated composites. The individual plies in the laminate were 
modelled using 20 noded isoparametric solid elements. The transient creep compliance in the 
visco elastic model was represented as an exponential series plus a steady flow term, which 
allowed for a simplification of the numerical procedure for handling hereditary effects. Time 
dependent stress and strain distributions were calculated for unnotched and notched laminates
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subjected to tensile loading or bending. The three dimensional material characterisation model 
was based on the model proposed by [Lou and Schapery, 1971] for the uniaxial stress case. It 
should be realised that the Schapery type equations are graphically based and problems would 
be encountered with the numerical processing of these types of equations. This is because the 
mathematical form of the creep compliance leads to a recursive relationship that requires the 
storage of hereditary effects from the previous time step, as a result ill conditioning of the 
compliance tensor, numerical truncation errors and convergence problems would be 
unavoidable and lead to unreliable results. The paper developed the uniaxial stress state 
equation into tensorial form. In order to generalise the mechanical response of the composite 
three simplifying assumptions regarding the constitutive equations were made. These were that 
the composite laminate could be considered as a transverse isotropic material, the mechanical 
response of the material was linear elastic in the principle fibre direction and the through 
thickness shear compliance was equivalent to the 90° off axis fibre response. These 
generalisations lead to simplified compliance equations but the simplification dissociated the 
theoretical behaviour from the actual behaviour.
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Chapter 3 I Experimental, analytical and numerical 
characterisation of the composite material
3.1 Introduction
This chapter investigates and quantifies the mechanical behaviour mechanisms of the ACCS 
material. A numerical material behaviour characterisation routine, for use in the finite element 
technique, has been developed by utilising experimental coupon test results. This material 
characterisation routine has then been used in the finite element method and has been verified by 
comparing the output from this technique with the results from experimental tests on full scale 
models and part models of the box beam which is the construction system used in the prototype 
bridge at Bonds Mill. The results and verification of the finite element analysis is given in 
Chapters 4 and 5.
The objective of this chapter is to show how experimental test data for describing the short 
term, long term, hygrothermal and degradation characteristics of a specific polyester/E-glass 
composite material can be used directly for processing by the finite element technique. The 
power of this method of analysis allows an accurate prediction of the mechanical response of 
any structure fabricated from composite materials, if laboratory controlled experimental tests are 
performed on the material.
The mechanical behaviour of composite materials is highly dependent on a number of field and 
state variables. In any composite system changes in these variables will radically alter the 
resulting mechanical performance of the structure. It is therefore imperative that structural 
designs using these materials quantify accurately the mechanical behaviour of the composite 
system.
Analytical equations developed to predict the performance of composite groups ie; E- 
glass/polyester or Kevlar/epoxy or carbon fibre/carbon, generally suffer from the effects of 
gross idealisation. This is particularly apparent when characterising highly anisotropic 
composites. It is well recognised throughout the fraternity of composites designers that the 
most reliable method of material characterisation is achieved solely by a series of detailed 
experimental investigations.
E glass/polyester
Also asjcomposites have a relatively low modulus designers tend to adopt complicated shapes 
in order to increase the first and second moments of area of the sections produced. This 
deliberately increases the rigidities of the structure but introduces many complicated geometrical 
considerations into the design of composite components.
It is therefore difficult to achieve a reliable and economic design for a composite structure which 
has an unusual shape and highly anisotropic mechanical properties. An acceptable answer is to 
use the finite element method where the material behaviour characterisation is based on the 
experimental results obtained from tests on the composite. This chapter presents the 
development of such a material characterisation suitable for processing by the ABAQUS finite
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element package, [ABAQUS, 1993], utilising the experimental results already presented.
This chapter is divided into two sections. The first section presents the experimental test 
procedures and results obtained together with analytical models which represent the mechanical 
behaviour of the composite material. The second section of this chapter illustrates the 
development of a material subroutine based on the experimental test data which represents the 
mechanical behaviour of the material in a finite element programme.
3 .2  Experimental and analytical behaviour of the composite material
3 .2 .1  Rationale for experimental testing
Mechanical tests on materials are used for several radically different purposes, namely
As a criterion in quality control
As a basis for comparison and selection of materials
As data for design calculations
As a basis for predictions of service performance
As an indicator in material development programmes
As a starting point for the formulation of theories defining material behaviour
By utilising all of the above ideas it is possible to experimentally determine the behaviour of a 
composite material when subjected to various stress regimes in differing environments. The 
development of mathematical algorithms to express this behaviour then ensues. Ideally a unified 
expression is sought by collating all of the experimental data to yield a relatively simple closed 
form equation of the complex mechanical behaviour of the composite material. At the onset of 
the development of such an equation the processes and procedures adopted in the experimental 
testing of the composite material must be closely linked to the desired goal of achieving a valid 
theoretical formulation of the mechanical behaviour.
3 .2 .2  Anisotropy of composite materials
Anisotropy is well documented for thermosetting resins reinforced with continuous fibrous 
mats and the test methods for such materials have been developed appropriately. The fabrication 
techniques of the industry based on fibre reinforced resins have copied nature by deliberately 
placing fibres where their high strength and optimal modulus would contribute usefully to the 
performance of the composite end product. An important ramification of anisotropy therefore 
emanates; practitioners must be aware and attuned to the notion of anisotropy.
The theory of anisotropic elasticity forms the basis for the understanding of and the synthesis 
for a mathematical expression embodying the mechanical behaviour of a composite material. An 
abridgement of the theory states that any component of the stress tensor is a function of a 
number of the components of the strain tensor.
When viscoelastic, moisture and thermal dependencies are introduced into the anisotropic 
characterisation of the composite material considerations of symmetry are utilised to reduce the
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number of stiffness or compliance coefficients from eighty one to twenty one. Of that twenty 
one coefficients, some are seen to be insensitive to time and/or temperature and these can be 
represented through simplifying idealisations. However, there will always remain a minimum 
number of coefficients which are greater than the minimum number required to define an 
isotropic material. The development of the anisotropic stiffness tensor coefficients from 
experimental data is therefore paramount in the accurate representation of the mechanical 
behaviour of the material.
3 .2 .3  Practical experimental testing of composite materials
The test procedures needed for anisotropic specimens differ little from those used for isotropic 
specimens. However, the lines of action of the applied loads must be well defined in relation to 
the geometry of the specimen, in addition, specification for the position of the test piece in 
relation to the item from which it has been taken is of paramount importance otherwise standard 
procedures or axioms used to test isotropic or nearly isotropic specimens are acceptable. It 
should be noted that anisotropy may entail restrictions on the test conditions that would not be 
necessary if the specimen were isotropic. Examples of such restrictions is the specification for 
the length to thickness ratio of the specimens in axial tests and the measurement of modulus in 
flexural tests.
Specification of axes is not always straightforward because the relation between the orientation 
of the fibres to the line of action of the applied load (off-axis angle) is complex and does not 
correspond to any geometrical symmetry in the specimen, [Turner, 1973]. All of these point 
will be addressed in this chapter.
3 .2 .4  Description of the composite material coupons tested
Anisotropic material coupon specimens of dimension 250 mm x 25 mm x 3 mm were cut from 
pultruded sections which were manufactured from E-glass fibre/polyester resin. The resin was 
unpigmented and was light yellow brown in colour.
To determine the fibre lay up and fibre mass fraction, coupon samples were placed in a furnace 
at 450°C to bum off the resin. The fibre lay up, which was symmetrical, consisted of twelve 
layers of unidirectionally aligned continuous fibres (UD) sandwiched on each side by three 
layers of continuously randomly orientated mats (CRM). A polyester veil, whose function was 
to improve the weathering property of the composite, was placed on the outer surface of the 
CRM. The samples had a mass fibre/matrix ratio of 68%. Five coupons were measured and 
weighed to determine the mass density of the composite material; which was found to be 1800 
kgm-3
Three coupon fibre axes were considered when undertaking mechanical tests; these were 0°, 45° 
and 90° off-axis fibre directions. However where the coupon size or off-axis fibre angle 
differed from these a footnote has been placed adjacent to the result.
3.2.5 Short term thermal experimental test procedures
Short term axial tests were performed on coupon samples, described in Section 3.2.4, using an
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Instron 1000 attached to a HP1000 data logger which was programmed in HP basic. An 
Instron oven was clamped onto the stationary crossbeam of the Instron 1000. Special jaws to 
grip the coupons during testing were manufactured. These passed through the orifices at either 
end of the Instron oven, allowing the coupon to remain in the oven and be tested at the desired 
temperature. The openings between the orifices and the jaw arms were sealed with aluminium 
foil. A thermocouple was fixed in the oven so that the air temperature at a distance of 5 mm 
from the coupon was monitored during each test. Plate 3.1 shows the short term thermal test 
setup.
Thermal tests were performed at temperatures of 23°C, 45°C and 60°C on coupon samples with 
off-axis fibre angles of 0°, 45° and 90°. To ensure each coupon was in thermal equilibrium prior 
to testing it was placed for one hour in the preheated Instron oven. Axial testing of coupons 
was performed to failure. Flexurally tested coupons were not failed. In all the experimental 
analyses a minimum of three coupon specimens of identical fibre orientation were tested. The 
average of the mechanical value was thus obtained. No end tabs were used in the short term 
tests.
To enable the modulus of elasticity and Poisson’s ratio of the material to be determined during 
the axial tensile testing, four electrical resistance strain gauges were bonded to each coupon; 
two in the longitudinal direction and two in the transverse direction, both sets being directly 
opposite each other on either side of the specimen.
Thennal axial compression tests were performed on coupons of dimension 25 mm x 25 mm x 3 
mm. For this series of tests special jigs were manufactured which constrained the coupons to 
move translationally thus preventing the onset of any buckling type failure. The rigs were 
manufactured in accordance with [Curtis, 1985] for compression testing of coupons. For the 
compression tests no electrical resistance strain gauges were used.
Flexural tests were carried out on coupon specimens using the three point load method [Curtis 
1985]. These tests were performed at temperatures of 23°C, 40°C and 60°C.
3 .2 .6  Short term thermal experimental test results 
A summary of the results obtained from these tests is shown in Tables 3.1(a) and 3.1(b).
The tensile stress strain response of the material in the 0° fibre direction is not affected by the 
increase in temperature during the tests. However, the ultimate tensile strength of the material at 
37°C in the 0° off-axis fibre direction reduces to almost one half that at 23°C. The stress strain 
response is linear up to approximately 290 MPa thereafter it displays slight non linearities. The 
ultimate compressive strength is largely unaffected by the increase in temperature and is 
approximately half the value of the ultimate tensile strength. The relation between tensile and 
compressive behaviour has been well documented [Hull, 1981]. Failure in both tension and 
compression was due to ply delamination. The experimental thermal stress strain traces for the 
0° fibre direction are shown in Figure 3.1.
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As the off-axis fibre angle is increased to 45° a large reduction in both the tensile and 
compressive ultimate strengths relative to the 0° off-axis fibre angle is observed at all 
temperatures. The reduction in tensile strength is due to the fact that the fibres are not orientated 
efficiently with respect to the load and the matrix has a relatively low tensile or compressive 
capacity. The compressive strength of this material at 45° off-axis fibre direction is higher than 
the tensile strength because the matrix has a higher compressive strength than tensile strength 
and the fibres are not dominating the coupon response as they do with the 0° off-axis fibre 
orientation. The separation of the 23°C, 45°C and 60°C stress strain traces indicates that the 
stiffness of the material decreases with an increase in temperature. The stress strain response of 
the material with an off-axis angle of 45° is shown in Figure 3.2.
The stress strain response of the 90° off-axis fibre direction is stochastic. The general trend 
indicates that the stiffness of this fibre orientation decreases with an increase in temperature. 
There is no significant difference between the ultimate strength in this direction and the 45° off- 
axis fibre direction. This is because the matrix is dominant in mechanical response of the 
material. The stress strain experimental thermal response for the 90° off-axis fibre orientation is 
shown in Figure 3.3.
The shear strength and modulus of elasticity of the composite in all three orientations was 
determined analytically using micro mechanics [Tsai, 1992], see Section 3.2.21.
3 .2 .7  Isothermal failure criteria
The Tsai-Hill failure criterion [Holmes and Just, 1983] was used to model the failure surface of 
the material. The theory allows coupling or interaction of all planar stress or strain quantities; 
this enables the anisotropic nature of the material to be represented.
The failure criterion was developed in the stress space and then transformed into the strain 
space using the appropriate stiffness tensor. The resulting equations in both the stress and strain 
space are in a homogeneous quadratic form.
Equation 3.1 defines the failure criterion in the stress space.
[Fij oi crj] R2+[Ficri]R- 1 = 0 i j  = 1,2 &6 ... 3.1
The coupons were considered as thin orthotropic ply under plane stress relative to the symmetry 
axes 1-2, see Figure 1.1. The strength parameters are thus defined in Equation 3.2.
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Fxy = F*xy [ Fxx Fyy ] o.5 where -0.5 < Pxy < 0.0 3.2
Since the unidirectional composite was tested in its orthotropic axes the strength will be 
unaffected by the direction or sign of the shear stress component. Hence Fxs = Fys = Fs = 0.
Sign reversal on the normal stress component will have a significant effect on the strength of 
the composite, see Table 3.1(b). Considering the laminate to behave as thin shell [Timoshenko, 
1961] the failure criterion reduces to Equation 3.3.
Fxx + 2Fxy Ox Oy + Fyy O^ y + Fss Cfts + FxOx + FyOy = 1 ... 3.3
In order to plot the failure criterion such that the surface passes through the experimental points 
it is necessary to translate and rotate from the (ax, ay) stress space to the ellipse axes (au, ov)
stress space, [Taylor, 1969],
The stress plane representation of failure criterion tends to be highly elongated due to the high 
degree of anisotropy of the material. In the strain space the failure criterion takes the form of 
Equation 3.4.
Gxx £2X + 2Gxy 6x £y + Gyy E^ y + Gss E^ s + GxEx + GyEy = 1 ... 3.4
Figure 3.4 shows the analytical failure surfaces for the material derived from the experimentally 
determined parameters given in Table 3.1(b). A parametric study indicated that an interaction 
factor, Fxy, of -0.3 gave optimal correlation with the experimental results.
Figure 3.4 indicates a high rate of decrease in ultimate strength for most loading conditions as 
the temperature is increased from 23°C to 45°C. The exception to this high rate of decrease 
occurs when there is a compressive and tensile stress applied to the major and minor principle 
axes of the coupon, respectively. From 45°C to 60°C the rate of decrease of ultimate strength is 
seen to be low.
3 .2 .8  Analytical representation of the material isothermal behaviour
The nonlinear elastic stress-strain relationship is formulated on the basis of models proposed by 
[Osgood 1987], [Tuttle and Brinson,1986], [Schapery, 1969] which characterised the plastic 
and deformation response of composite materials. The model developed here to characterise the 
composite material considers the anisotropic and thermal dependence implicitly as a function of 
the mechanical behaviour of the material.
Using a combination of the bisection method and Lagrangian interpolation [Gerald et al, 1988] 
a best fit curve to the nonlinear experimental elastic strain load data was obtained. Equation 3.5 
shows the general form of this curve. The definitions of the coefficients of Equation 3.5 are 
shown in Equations 3.6 to 3.8 and their values, obtained from the curve fitting procedures are 
shown in Tables 3.2 and 3.3.
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e = g ia +  gig2 Id
20.0
a ... 3.5
An analytical expression for the short term thermal response of a coupon in three independent 
fibre directions has been derived. Equation 3.5 is a hybrid equation incorporating Schapery non 
linearising with Brinson and Tsai normalising power law approach and the Springer non 
dimensional temperature. Equation 3.6 uses a function of the non dimensional temperature to 
adjust the modulus of the material from its base line modulus to that at a specific temperature, 
Tr. The linear method of using the non dimensional temperature to factor the reference modulus 
[Sung, 1989] was found unsuitable to give an accurate representation of the experimental 
results. To all alleviate this discrepancy the non linearising power exponent a2was introduced. 
The evaluation of this parameter is defined in Section 3.2.10.
a2
" i r =E °
T g -T r
T g-T o
g2 -  Bq + Bi Tr + B2 Tr
a ^ C o  + CiTr+QjTr
... 3.6
... 3.7 
... 3.8
The form of the Equation 3.5 was chosen such that curve fitting procedures could readily be 
applied to experimental thermal results to obtain the necessary parameters defined in Equations
3.6 to 3.8.
A thermally dependent short term analytical model representing the mechanical response of the 
composite material was thus developed.
3 .2 .9  Analytical short term thermal interaction
There are many conditions in which fibre reinforced composites cannot adequately be 
represented as a linearly elastic material. One of these conditions is high temperature. The 
nonlinear elastic stress strain relation is formulated on the basis of models originally proposed 
by [Hahn, 1973] and later adopted by others. The relationship was extended by [Ha and 
Springer, 1988] to include elevated temperature.
3 .2 .10  Analytical formulation of a short term thermal interaction curve
Short term thermal interaction was achieved by introducing the power exponent, a2, which 
related the axial elastic modulus at a given temperature to the non dimensional temperature. The 
power exponent was determined by taking the logarithms of Equation 3.5 at the experimental 
test temperatures. Equation 3.9 shows the form of the equation obtained. Figure 3.5 shows the
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resulting values of a2 plotted against their operating temperatures. The values of a2 at any 
temperature between 23°C and 60°C for the 0°, 45° or 90° off-axis fibre direction was obtained 
by fitting a quadratic polynomial to the appropriate values of a2.
Log
gl
Log Eo
... 3.9
Log
T g -T r
T g-T o
3 .2 .1 1  Analytical short term thermal failure Interaction
The representation of the failure curves for the material at various temperatures was discussed 
in Section 3.2.7. In order to predict the thermal failure surfaces for the material the ultimate 
stresses in Table 3.1(b) were expressed as functions of their respective temperatures for both 
tension and compression. A second degree polynomial curve fit was then performed to 
determine the strength of the composite material at a given temperature for the 0° and 90° off- 
axis fibre directions. The failure criteria coefficients, Equations 3.2, were then calculated using 
an interaction factor of -0.3. The resulting coefficients are then used in Equation 3.3 to 
determine the failure stress of the composite material at the desired operating temperature.
3 .2 .12  Hygrothermal characterisation
Composite materials when exposed to fluctuation in moisture content and temperature 
experience changes in their mechanical properties; these materials are categorised as 
hygrothermally dependent. This section discusses and postulates an analytical method of 
estimating the hygrothermal dependence of the composite material based on in-plane, flexural 
and interlaminar shear experimental data.
3 .2 .1 3  Hygrothermal experimental procedure
The hygrothermal experimental tests for this composite material were carried out by Vetrotex 
Fibres, U.K.
The rationale for these tests was to place a composite material coupon in a hygrothermal 
environment until it achieved thermal and absorptive equilibrium. A standard mechanical test 
was then performed on the hygrothermally conditioned coupons.
The mechanical properties investigated for the hygrothermal analyses were tensile modulus, 
tensile strength, flexural modulus, flexural strength and shear modulus. Composite material 
coupon specimens having off-axis fibre angles of 0°, 45° and 90° were tested. For all tests six 
different hygrothermal environments were simulated using combinations of three steady state 
temperatures (23°C, 40°C and 60°C) and two steady state humidities (moisture absorption 0% 
and 99%).
For the in plane tests the dimensions of the 0° off-axis fibre angle coupons were 200 mm by 10
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mm by 3 mm whilst the dimensions of the 45° and 90° off-axis fibre angle coupons were 200 
mm by 30 mm by 3 mm. End tabs of length 50 mm were bonded with epoxy resin to all 
coupons tested. The loading rate was constant at 2 mm per minute. Five coupons were tested 
for each hygrothermal environment. The mean and standard deviation of the tensile strength, 
tensile modulus and maximum elongation obtained for these samples are given in Table 3.4. 
For these tests the average increase in weight of the saturated relative to the unsaturated 0°, 45° 
and 90° off-axis fibre angle coupons was 0.65%, 0.55% and 0.67%, respectively.
Short term flexural tests were carried out in accordance with ISO 178 test method on coupons 
with off-axis fibre angles of 0°, 45° and 90° having dimensions of 70 mm by 25 mm by 3 mm. 
A support span of 50 mm was adopted. The loading rate was constant at 2 mm per minute. Five 
coupons were tested in each hygrothermal environment. The averagejand standard deviation of 
the flexural strength, flexural modulus and deflection obtained are given in Table 3.5. For these 
tests the average increase in weight of the saturated relative to the unsaturated 0°, 45° and 90° 
off-axis fibre angle coupons was 0.53%, 0.52% and 0.49%, respectively.
Short term interlaminar shear tests were carried out in accordance with the ISO 4585 test 
method on coupons of dimensions 25 mm by 10 mm by 3 mm. The support span was 15 mm. 
The loading rate was constant at 1 mm per minute. Five coupons were tested in each 
hygrothermal environment. The interlaminar shear strength obtained with its respective standard 
deviation is shown in Table 3.6. Only the 0° and 90° off-axis fibre angles were tested. For these 
tests the average increase in weight of the saturated relative to the unsaturated 0° and 90° off- 
axis angles was 0.50% and 0.45%, respectively.
3 .2 .14  Analytical characterisation of the hygrothermal dependence
The rudiments of the analytical expression developed to characterise the hygrothermal 
dependence of the composite material are based on the non-dimensional temperature approach, 
[Tsai, 1987]. Modifications to this method of hygrothermal analysis (which analyses only 
relatively small moisture ingress) had to be made as the coupons tested were greatly affected by 
moisture ingress and temperature change, as shown in Tables 3.4 to 3.6. In addition, the 
experimental values obtained were macro mechanical whilst the non-dimensional temperature 
approach is fonnulated on a micro mechanical basis.
The hygrothermal model developed from the experimental data was linear elastic, time 
independent and macro mechanical. The base states for temperature and relative humidity are 
23° C and 50% RH, respectively.
Since the off-axis fibre angle and the nature of the applied load have as much effect on the 
mechanical behaviour of the composite as the temperature and moisture distribution within the 
material a series of coupon specimens having different off-axis fibre angle directions were 
tested. The proposed method of assessing hygrothermal effects required two primary 
assumptions; a non-dimensional temperature and a temperature moisture interaction exponent.
Equation 3.10 expresses the hygrothermally dependent property, Sr, as a power law function of
31
the relevant base line property, Sto, and the non dimensional temperature, T*. Equation 3.11 
illustrates the interaction between the thermal and moisture states of the coupon specimen in any 
particular hygrothermal environment.
Sr = Sr0 (T * )a ...3 .1 0
T * = Tg ~ gC' T°Pr ...3 .1 1
Tg - gco-To
The method developed to model the hygrothermal dependence combines th e :
(a) determination of the non-dimensional temperature which incorporates a temperature
shift parameter, c, attributable to moisture adsorption,
(b) adoption of the appropriate base line mechanical property, Sio, for the power law 
relation,
(c) interpolation of the power exponent, a, from the appropriate graph which has been 
derived from the experimental hygrothermal dependency tests.
The value of ‘g’ was obtained from empirical data produced for E-glass polyester composites 
[Wang et al, 1990]. The values of the power exponent ‘a’ for the wet and dry states were 
determined by taking the logarithm of Equation 3.10 and solving for ‘a’, between 23°C and 
60°C, using the experimental data. For moisture contents between 0% and 99% RH ‘a ’ was 
then calculated by linear interpolation of the relevant analytical curves at the specified operating 
temperature. A series of curves for values of ‘a ’ versus ToPr for the in-plane modulus and 
strength for each of the fibre orientations at moisture contents between 0% and 99% are shown 
in Figures 3.6 and 3.7, respectively.
Equation 3.11 was modified, from [Tsai, 1987] to model the hygrothermal and non- 
dimensional temperature values of the composite material by changing the value of gc to geo in 
the denominator. Consequently, the latter quantity becomes 20co (noting that g=20 for E- 
glass/polyester) and the power function ‘a’ which in Tsai’s original equation is a constant 
value, now becomes a non-linear function of Topr. From empirical data the values of Tg and g 
are 160°C and 20°C/A(RH), respectively, for polyester E-glass composites [Loss et al, 1981]. 
The effect of the material moisture content, c, on the non-dimensional temperature, T*, at 
various operating temperatures, Topr, and moisture contents is shown in Figure 3.8.
A comparison of the hygrothermal experimental results and the equivalent analytical solution 
using Equation 3.1 are shown in Figure 3.9. The analytical and experimental results are not in 
good agreement at high temperatures and moisture contents. To alleviate this discrepancy the 
numerical representation of the hygrothermal response, Section 3.3.3 discusses this, 
interpolation of the raw experimental data instead of using the analytical Equation 3.10 and 
3.11.
3 .2 .15  Hygrothermal effects on the matrix
Flygrothermal tests were performed on the polyester matrix to ascertain it’s sensitivity. The test
32
method adopted was ISO R527. Dry matrix specimens were preconditioned for 72 hours at 
50°C and saturated specimens for 72 hours in water at 50°C. Tests were carried out at 20°C, 
40°C and 60°C. End tabs were not used in these tests. The results obtained are shown in Table 
3.7.
3.2 .16  Degradation of the composite material
The mechanics of the degradation of composite materials is divided into two types; static and 
dynamic degradation. Static degradation is defined as the deterioration which occurs due to 
transient effects while dynamic degradation is attributed to effects such as fatigue [Johnson, 
1978],
Fatigue loading of any composite material will induce damage which will reduce the residual 
strength of the composite material. The magnitude and frequency of the loading can be directly 
related to the residual strength of the composite material by using S-N curves, [Loss et al, 
1981].
The mechanics of static degradation of composite materials is closely associated with the 
continual absorption and egress of moisture. Such a process builds up residual stresses 
between the fibre matrix bond and in time will sever this bond. The application of constant 
stress has been shown to accelerate this process [Cardon, 1990].
Although pultruded composite components have hard and virtually impervious surfaces 
moisture will ingress through fissure cracks which undoubtedly develop during the working 
life of the structure. As a result the degradation characteristic caused by moisture migration 
within the composite material was investigated. The degradation effects caused by ultra violet 
radiation were confined to the first few micro metres of the surface which was exposed to sun 
light [Hollaway and Lee, 1992] and did not affect the mechanical properties of the material.
3 .2 .17  Fatigue of composite coupons
For composite materials the fatigue strength is always less than the ultimate strength, for any 
given direction of loading. This is due to degradation during the fatigue cycle. In composite 
materials micro-cracks are initiated at the early stage of loading but the material can still 
withstand the load until final failure. It is to be expected, therefore, that during fatigue tests 
many material characteristic variables such as residual strength, modulus, compliance, strain, 
crack length, crack density, number of debonded fibres change with an increasing number of 
cycles.
The fatigue behaviour of the composites can be characterised into two categories namely :
(a) the strength life rank assumption [Hahn and Kim, 1976], This model assumes a 
fatigue life distribution using the residual strength, degradation equation, the 
static stress distribution and the assumption that failure occurs when the 
residual strength reaches the applied stress,
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(b) The sudden death model [Chou and Croman, 1979]. This model
assumes that the residual strength of the composite does not change with 
cyclic loading, until the final few cycles, at which time it degrades drastically.
The experimental data obtained from the degradation analysis of the coupon material indicates 
that its fatigue and creep rupture behaviour is within the category (b) type. Sufficient 
experimental data is not available to determine the residual strength after fatigue loading and the 
fatigue life distribution.
Constant amplitude fatigue tests were performed at three different stress levels on the composite 
material by CIBA U.K. For this current test the maximum stress level specified for the zero 
degree coupon gave a 'cycles to failure' value outside the permissible cycle range ( in fact the 
coupon did not fail after 107 cycles). The results obtained for the 45° and 90° coupons ( 
amplitude 16% of the mean applied stress level at a frequency of 120 Hz) were within the 
permissible fatigue range; these failed due to fatigue degradation. Tables 3.8 and 3.9 contain the 
results of the fatigue tests on the adhesive joints and the coupons, respectively.
3 .2 .18  Development of the analytical material degradation model
Degradation analysis of the adhesive joints and coupons were carried out in the natural 
environment and under controlled laboratory conditions at the University of Surrey. There were 
three types of tests to which the coupons were subjected in the natural environment, prior to 
undertaking loading tests to determine their residual strength values, these were :
(a) specimens subjected to a constant flexural stress for six months
(extreme coupon fibres were at a stress levels of 9 MPa, 5 MPa and 5 MPa for the 
0°, 45° and 90°, respectively).
(b) unloaded specimens were exposed for a period of six months.
(c) adhesive joint specimens which were exposed for a total period of six 
months in an unloaded state; eighteen and thirty specimens were placed 
vertically and horizontally, respectively.
Tensile coupon specimens in which the direction of the load application was at 0°, 45° and 90° 
to the fibre axis were tested to failure at twenty eight day intervals in an Instron tension 
machine; the adhesive joints were tested in a J-J tension testing machine. In addition, eight 
adhesive joints were tested. At twenty eight day intervals three and five bonded specimens 
were taken from the vertical and horizontal environmental positions respectively. They were 
then kept at a constant temperature and humidity of 23°C and 15% RH for twenty four hours. 
This post conditioning technique, proposed by [Springer, 1981] allowed the hygrothermal 
effects to be brought to a standard level for all test coupons.
Figure 3.10 shows the residual strengths of the 0°, 45° and 90° coupons, in their unstressed and 
stressed states. It is apparent from this figure that no measurable deterioration in the strength of 
the 0° coupons had occurred over the six months test period. The slope of the unstressed curve 
was taken as the experimental degradation factor for the material over the six month test period,
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this value was used in the micro mechanical degradation analyses. It should be noted that the 
E-glass fibre polyester matrix composites tend to flake as the moisture content of the 
composites increases. This flaking is attributed to the reduction in the strength of the coupon. 
This phenomenon is known as leaching [Loss et al, 1981]. All the coupons exposed to the 
natural environment had unsealed edges, consequently, some moisture ingress would have 
occurred through the unprotected edges of the specimen. However, the coupons showed no 
significant sign of strength degradation.
In order to predict the remaining life of the laminated material at any given stress level 
simplified equations based on the sudden death model were used. The equations when 
combined allow the change in residual strength of the material and the creep rupture curve for 
the material to be represented on the same time scale. The equations are shown below.
(au - an) = (aa - au)
0.5
Log 1 = a a -a u
m
... 3.12 
... 3.13
Figure 3.11 shows the residual strength/creep rupture curve determined from Equations 3.12 
and 3.13. A power exponent of 0.5 used in Equation 3.12 gives the most conservative residual 
strength results. It should be noted that this method of characterisation of the residual strength 
(for which no experimental evidence relating to this particular laminate material is available) is a 
simple theoretical model which in essence is more of a qualitative than quantitative solution. A 
more detailed form of this model [Odqvist, 1975] which represents the residual strength creep 
rupture interaction requires extensive research capabilities and no benefit would have been 
derived by developing such a model.
3 .2 .19  Incorporation of the degradation effects into the materials 
constitutive equations
Although no appreciable amount of degradation was detected over the test period the 
degradation of strength with respect to time curves illustrated in Equations 3.12 and 3.13 were 
used as the failure criteria for all time domain analyses. The method of potentials was used to 
determine the off-axis normal and shear strengths of the composite material.
By multiplying the appropriate directional strain by its corresponding modulus at the end of 
each time step and then checking whether the resulting strength was less than the predicted 
strength at that specific time a check on whether failure of the material had occurred was 
achieved.
As the modulus is a function of the temperature and hygrothermal effects these are inherent in 
the failure check. A comparison of the Tsai Hill short term failure criteria, Figure 3.4, and the 
transient failure criteria, Figure 3.11, illustrates that the latter method gives the lower bound 
failure strain and is more correct to use in a time domain analysis.
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3 .2 .2 0  Degradation conclusions
Composite material coupons were exposed in both a stressed and unstressed state in the natural 
environment for a period of six months. The residual strength of the coupons which was 
determined at monthly intervals did not fall dramatically.
An analytical model of the interaction of the creep rupture and degradation was developed from 
experimental data. The resulting strain at a given time was determined by dividing it by the 
appropriate modulus. As the modulus is thermally and hygrothermally dependent it was 
ascertained that the resulting failure criteria was a function of thermal and hygrothermal effects. 
By using the method of potentials this analytical equation was expressed in tensorial form and 
used as the failure criteria monitor for time domain numerical analyses of the composite material 
and structures fabricated from it.
3 .2 .2 1  Micro-mechanical analyses of the composite material
The basic objective of the micro-mechanical analysis was to establish a valid relation between 
the properties of the constituents of the composite and those of the composite itself. The ‘rule of 
mixtures’ approach which is a simple and a sufficiently accurate model was used for the 
majority of 0° fibre direction analyses. In certain instances other micro-mechanical models have 
been used to characterise this material. The five models used to characterise the composite 
material are outlined below :
Parallel model : Upper bound prediction of material property or state
Series model : Lower bound prediction of material property or state
Modified model : Near median prediction of material property
Square-packing : Effective stress and stress distribution
Self-consistent : Interaction model for serviceability and ultimate states
It should be realised that a limitation of micro-mechanics is that it tends to idealise both the fibre 
cross section and packing arrangement as completely uniform throughout the composite 
material. The assumption in micro-mechanics of total continuity at the fibre interfaces is not 
always the case, it treats the material as a global entity, local failure modes or local 
imperfections cannot be analysed using this approach. To the knowledge of the author, there is 
no entirely satisfactory methodology, to date, to analyse material creep behaviour from a 
micro-mechanical viewpoint.
The micro-mechanical analysis was used to obtain sensitivity studies (eg determining the 
overall effect (change) if a micro-mechanical property is changed) on the material and more 
specifically to determine linear combinations and multiple angle rotation coefficients. In order to 
relate the experimental data obtained from this material to empirical data for E-glass polyester 
composites the back calculation method was used on the base line ply data. It should be noted 
that where micro-mechanical data was not readily available for the analysis, published data for 
polyester E-glass materials were used. Figure 3.12, which is based on the micro mechanical 
results, shows the off-axis modulus and strength for ‘as-new’ and degraded coupons. The 
degradation factor used was determined from Figure 3.11.
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The results of the Mic-Mac spreadsheet analyses [Tsai, 1993] were comprehensive and are 
contained in Appendix 3-A. Values of ‘as-new’ stiffness and modulus of elasticity and 
degraded mechanical properties, yield, ultimate stresses and strains and micro-mechanical 
failure criteria coefficients were computed. Because of the complex nature of the 
micro-mechanical analyses, in some calculations, assumptions were made regarding particular 
mechanical and/or state properties of the material. Where possible all assumptions were based 
on published data, but if no relevant data was available engineering judgment was applied.
As the coupons were not homogeneous through their thickness it was necessary to perform an 
analysis using Genlam [Tsai, 1987]. The results of this analysis indicated that each ply strength 
ratio for the composite was greater than unity for a directional load of 245 MPa.
Interpretation of the results from the Lamrank programme [Tsai, 1987] indicated that this 
laminate ranked high over other optimal E-glass/polyester designs with similar ply orientations, 
for a given directional loading condition and thickness constraint. The Lamrank programme 
indicated that to sustain a multiple in-plane load regime more efficiently, further continuous 
randomly orientated mats (CRM) and bidirectional plies should be introduced into the design. 
This would prevent the large modulus decrease in the off-axis directions thus making the 
composite more effective in sustaining multi directional loading criteria. However, this 
improvement in the off-axes direction may not be required in every external load situation. For 
the same thickness of composite the relatively small loss of ‘on-axis’ modulus is out-weighed 
by the large off-axis modulus increase. Analysing the coupon for multi directional in-plane 
loading and directional (0° off-axis fibre) flexural loading, a combination of the Genlam and 
Lamrank programmes were utilised. The results indicated that for optimum performance the ply 
lay up should (assuming the same thickness as the original laminate) have the 0° fibres placed 
nearer to the laminate edge with a combination of bidirectional and CRM placed in the laminate 
central zone; it was demonstrated that the performance of the latter ply lay-up was more efficient 
when in plane loads were applied normal to the major axis of the laminates.
3 .2 .22  Isothermal time dependent behaviour of the FRP material
A composite may exhibit an appreciable amount of creep, depending on the state of stress and 
temperature. Viscoelastic flow in the matrix and internal flaws are normally the main sources of 
creep. Large stress concentrations exist in the matrix around the relatively hard fibres and, as a 
consequence, matrix cracking and filler-matrix separation can occur in the matrix material.
The objective of this section of the chapter is to characterise the time dependent behaviour of the 
unidirectional composite under a uniaxial loading regime at various temperatures. In this work it 
was decided to determine the transient behaviour of the material in the absence of significant 
crack growth. This was accomplished experimentally by mechanically conditioning the 
specimens prior to the transient thermal tests. The constitutive equation developed is based 
solely on the experimental results obtained, it was therefore not necessary to investigate the 
degree of non linear exhibited by the material. Non linear viscoelastic stress-strain relations 
involving multiple integrals have been developed by several investigators, [Green, 1959], 
[Schapery, 1966], who evaluated the material properties from experimental data, however, the
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experimental requirements of these theories become impractical when an accurate more 
simplified approach suffices. As a consequence superposition principles, [Leadermann, 1963], 
were not employed in the formulation of the analytical transient response model. The equations 
developed were formulated in a manner suitable for analysis by the finite element method.
3.2 .23  Experimental transient thermal testing of the composite material
In order to determine the transient response of the composite material three rigs were 
manufactured specifically for these tests. These rigs were able to maintain the tensile loads 
whilst placed in an oven for the desired periods of time. Each rig consisted of two 300 mm x 
300 mm x 15 mm steel plates separated by a distance of 450 mm by four steel bars of 25 mm 
diameter; these were connected to the corners of the reaction plate. Each rig can apply 
independent loads, in parallel, to three coupons at any one time. The loads were applied axially 
via a tightening nut on a steel threaded bar which passed through the top plate and was directly 
connected to one set of jaws. The tightening nut was in series with a thrust race which reduced 
to a minimum the torque effects induced in the system when applying load. Disc springs were 
arranged in a manner which kept the applied load constant. At the bottom end of the reaction 
frame the jaws were bolted to the reaction plate. The jaws were manufactured from hardened 
steel. The grips of the jaws were tapered and had diamond groves at the specimen grip 
interface.
The applied load imposed on each coupon specimen was monitored using quarter bridge load 
cells which were calibrated at various temperatures. Figure 3.13 shows the general arrangement 
of a typical rig. Plate 3.2 shows the rigs in the oven prior to testing.
A minimum of three coupon of 0°, 45° and 90° fibre angle orientations were tested at 
temperature levels of 23°C, 45°C and 60°C. The initial applied stress levels are shown in Table 
3.10. The incremental loads up to the creep load and the twenty four hour creep response was 
recorded on electrical resistance strain gauges. For the remainder of the test a combination of air 
jets [Hollaway and Howard, 1985] and electrical resistance strain gauges were used. The creep 
tests were carried out over a time period of fifty hours for the 0° off-axis angle coupons and two 
hundred hours for the 45° and 90° off-axis angle coupons. Air jet strain was defined as the change 
in plate to air jet displacement at a given time divided by the initial plate to air jet separation.
3 .2 .24  Experimental transient thermal response test results
Figures 3.14 to 3.22 show the results of tensile thermal creep tests performed on the 
specimens. The electrical resistance and air-jet reading are seen to be in good agreement. The 
initial creep rate of the material, at all imposed loads, was so fast that it rendered the initial air- 
jet readings unreliable. The electrical resistance strain gauges,
were used to acquire the primary creep stage readings. The air-jets are used to monitor 
secondary creep stage together with the electrical resistance gauges.
3.2 .25  Development of the analytical transient response model
The model developed is based on an approach by [Dillard and Brinson, 1992], [Dillard and 
Brinson, 1982] and [Dillard and Morris, 1982]. The basic form of their approach is the Findley 
equation with nonlinear coefficients [Findley and Lai, 1967]. The advantage of their approach
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is that the creep equation can be formulated directly from the creep data. The model proposed 
here deviates from that proposed by Dillard and Brinson in that it uses a logarithm function of 
stress to evaluate creep strain as opposed to the Findley power approach. The characteristic 
creep pattern for these coupons is an extremely high creep rate over a relatively short time 
period and an abrupt transition to the secondary creep phase which is characterised by an 
extremely low strain rate. The Findley power law approach tends to over estimate the secondary 
creep phase whilst the logarithm function proposed represents the overall creep behaviour more 
accurately. The general form of the creep function is given in Equation 3.14.
e(t) = eo'sinh (a /a£) + m'sinh (a/am) Log (t) ...3.14
By considering s0’sinh (a/ae)and m’sinh (o/am) as constants for each stress level the least
squares method can be used to obtain individual creep equation parameters. Once the equation 
parameters have been evaluated for various stress levels, the hyperbolic sine constants s0\  oe, 
m ’ and amare determined. The curve fitting procedures, which were performed using specialist 
software [Kaleidograph, 1993], are contained in Appendix 3-B.
Table 3.10 shows the stress levels and temperatures at which the creep experiments were 
performed. Figures 3.14 to 3.22 illustrates that there is a good correspondence between the 
analytic and experimental transient results.
3.3  Numerical representation of the mechanical behaviour of the
composite material
3 .3 .1  Convention used to define the composite materials constitutive 
stiffness tensor
The tensile and compressive stress strain response at a given temperature are equivalent, 
however, the ultimate strength is greater in tension than compression, see Tables 3.1(a) and 
3.1(b). Flexural effects in the laminate are quantified by adopting a transverse shear stiffness 
parameter which was determined from experimental tests [Timoshenko, 1961]. Contracted 
tensorial notation is used. A second order tensor is enclosed by curvy brackets, ‘{second order 
tensor}’ while a fourth order tensor is enclosed by square brackets, ‘[fourth order tensor]’. On 
and off-axis tensorial components are defined using alphabetical and numerical characters, 
respectively. The ply orientation is defined as the angle between the principal fibre direction and 
the principal laminate axis, a counter clockwise rotation giving a positive ply orientation. To 
facilitate the notation for the development of the orientation tensor for the material, the term ‘on- 
axis’ refers to the 0° off-axis direction.
3 .3 .2  Elastic on-axis thermal response of the material
Figures 3.1 to 3.3 show the experimental response of the composite material at various 
temperatures. By expressing stress as a function of strain and limiting the number of constants 
in the resulting equation to three, the modified Newton Rapson method [Gerald and Wheatley, 
1988] is adopted as a curve fitting tool for each set of experimental data, as defined in Equation
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3.15. The resulting stresses, obtained from Equation 3.15, are used to formulate the on-axis 
thermal stiffness tensor of the composite material over a finite strain interval at a given strain 
level. The coefficients associated with Equation 3.15 were obtained using specialised 
curvefitting software and are shown in Table 3.11.
The basis of the material characterisation technique in the finite element method is to obtain the 
product of the change in the second degree strain tensor and the predefined or ‘user’ 
programmed fourth order stiffness tensor for the material. The initial estimate of the strain 
tensor is supplied externally to the material characterisation subroutine by the finite element 
programme. This initial strain level is incremented until convergence in the material 
characterisation subroutine is achieved within a given tolerance.
{ GiT} elastic = mlxe x {£i} + m2x0 x
where i =x,y and T = 23°C or 45°C or 60°C
{Si}
20
(m3T0-l)
x{Si> ... 3.15
Given a second degree strain tensor the resulting stresses developed in the on-axis senses of the 
composite material are determined from Equation 3.15 at three defined temperatures. The 
resulting on-axis stress for a given directional strain and temperature between 23°C and 60°C 
can then be obtained by performing quadratic Lagrangian interpolation on the resulting stress 
temperature pairs obtained from Equation 3.16 at temperatures of 23°C, 45°C and 60°C for a 
particular strain.
{ ° it} elastic =
(T - 45) (T-60) 
(23 - 45) (23-60)
{ ° i 2 3 ° c } ‘elastic
(T - 23) (T-60)
(45 - 23) (23-60)
{ °i45°c} elastic (T - 45) (T-23) 
(60 - 45) (60-23)
{*-fi60°C}elastic ... 3.16
where i =x,y and 23°C <T <, 60°C
The modulus, CiT, at the desired temperature, T, at an arbitrary increment, n (where n > 1), is 
then defined as shown in Equation 3.17.
{C iT  } elastic —
{O lT  elastic - {O iT ^n ^{elastic
... 3.17
{ Si (n)}elastic ~ { ^ i  (n‘ 9 } clastic
where i = x , y  and 23°C < T < 60°C
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Initially, when n= l, the modulae are obtained using a linear regression curve fit to the 
experimental data shown in Figures 3.1 and 3.3 over a strain increment from 0 to 1 x 105 
strain. The modulae at a specific temperature are then calculated using quadratic interpolation, 
similar to that shown in Equation 3.16, but substituting modulae from stress. The data used is 
shown in Figure 3.23. When T < 23°C the programme calculates the modulus as that obtained 
at 23°C. When T > 60°C the programme terminates, a warning is given to the user that the glass 
transition temperature of the material is been approached and it is unwise to continue the 
analysis without experimental test data at these higher temperatures.
As no experimental shear stress strain data to failure was available the engineering shear 
modulus was calculated using micro mechanics, see Section 3.2.21. The form of the elastic 
shear modulus equation is identical to that shown in Equation 3.19 except the change in the 
elastic in plane modulus is substituted for the change in hygrothermal modulus.
From the experimental results of the on-axis tests the various Poisson’s ratios for the material 
were constant except for vy°o and vx°9o. A logarithmic curve fit of both vyooandvx09o°versus strain 
allowed this Poisson’s ratio to be determined at various strain levels. The various Poisson’s 
ratios used and the equation to evaluate vy°o and vx°9o°is shown in Table 3.12.
At the end of each increment the programme stores the modular matrix, Crr, as a second order 
tensor. The on-axis stiffness matrix over each increment, QijT, at the specified temperature, T, 
is then defined as a fourth order tensor and is defined in Equation 3.18.
[QijT<n)] elastic
CXT (n) VXCyT (n)
(l-VXVy(n>) (l-VXVy(n))
Vy(n)CxT(n)
(l-VxVy(n))
CyT (n)
(1- V xVy(n>)
0
0 ... 3.18
0 CsT ^ elastic
Figures 3.24 and 3.26 illustrate graphically the various components of the elastic on-axis 
stiffness tensor, QijT, shown in Equation 3.18 at three strain levels. The components of this 
tensor were calculated using Equations 3.15 to 3.17 these equations are based solely on 
experimental data obtained for the material. It is evident from these graphs that all the 
components of the stiffness tensor are a function of temperature, are non linear with respect to 
strain and highly anisotropic. This justifies the requirement to develop a user subroutine 
specifically for this composite material.
3 .3 .3  On-axis hygrothermal response of the material
As the on-axis thermal effects have been incorporated into the short term response of the 
material, see Equations 3.15 to 3.17 the change in the modular tensor due to hygrothermal 
effects is therefore exclusively a function of changing moisture content at the operational
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temperature.
By defining the reference temperatures as 23°C, 45°C and 60°C for each on-axis fibre direction; 
namely 0°, 45° and 90°, the variation in strength and modulus can then be expressed as a linear 
function of the moisture content in the material. The change of the various mechanical 
properties between moisture contents of 0 and 1 is calculated linearly between the values given 
in Table 3.4 with the mechanical property at 23°C taken as the base value.
From Table 3.13 the change in a mechanical property at the reference temperatures can be 
calculated for each on-axis orientation at the required moisture content. The resulting changes in 
the mechanical property at the reference temperatures are then quadratically interpolated to give 
the change in that property at the operating temperature. Mechanical properties from Table 3.13 
which are of particular interest are the changes in plane modulus and strength, these are 
required in the stiffness and failure criteria calculations.
The change in hygrothermal shear modulus, ACsm.is calculated [Popov, 1976] using Equation 
3.19.
{ A C sTm }hygrotherm al —
{  A  C iTm } hy grothermal .... 3.19
2( 1 + uji)
Where i=x,y & j=x,y for all i+j
The form of the interpolation function used to calculate the change in the modular tensor, 
{ACim}, for a specified moisture content, m, and reference temperature, T, is shown in 
Equation 3.20.
{  A C j X m } h y  grothermal —
(T - 45) (T-60) 
(23 - 45) (23-60)
{  ACj23 °Cm }■ hygrothermal
(T - 23) (T-60) 
(45 - 23) (23-60)
{  A C j 4 5 ° Q n }hygrothermal
(T - 45) (T-23) 
(60 - 45) (60-23)
{  A  C i6 0 ° C m  }  hygrothermal ... 3.20
where i =x,y,s
23°C < T < 60° C 
0 < m < 1
The change in the stiffness tensor due to the hygrothermal effect is shown in Equation 3.21.
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[  AQijTm hy grothermal —
ACxTm Vx ACyTm ^
( l - V XV y ( n)) ( l - V XV y ( n)) 
V y  (u) A C xXm ^  A C yT m
( l - V XV y ( U))
0
(1- VXVy(n)) 
0
0
0
ACsTm
... 3.21
hygrothermal
Figure 3.27 illustrates change in the AQxx hygrothermal and AQyy hygrothermal stiffness components 
obtained from Equation 3.21. The components are functions of temperature and moisture 
content while AQyy hygrothermal is also a function of varying Poisson’s ratio as strain changes, see 
Table 3.12. The algorithms used to characterise the hygrothermal effect are based on 
experimental data. As the modulus for the hygrothermal analysis was assumed to be linear AQxy 
hygrothermal and AQss hygrothermal are linear functions, over each discrete strain interval, of AQxx 
hygrothermal, a plot of these functions is not required.
3 .3 .4  Numerical short term response of the composite material
The short term response of the composite material, Equation 3.22, is achieved by the 
summation of the elastic stiffness tensor, Equation 3.18, with the hygrothermally dependent 
stiffness tensor, Equation 3.22. The on-axis stress, {ai 07}, is then updated at the end of each 
increment in accordance with equation 3.23. The short term stress tensor, Equations 3.15 to 
3.23, and failure criteria, as given in Section 3.2.11, was programmed in Fortran 90 such that 
it could be used to define the material properties in the finite element analyses of structures 
fabricated from this composite material. The user coding is contained in Appendix 3-C.
[ Q i j T (n > ] short term “  elastic +  £ AQijT hygrothermal *** 3 .22
{(^T ^}short term = [QijTdd]short term {A e©11)} + {<JiT ^ "^Jshort term — 3-23
where i=x,y,s and j=x,y,s 
23°C < T < 60°C 
{A 8i(n )}= {8 i W } - { 8 i (n-l)}
3 .3 ,5  Numerical representation of the off-axis mechanical response 
Due to the thermal dependence, high degree of non linearity and the anisotropic nature of the 
composite material, as shown in Figures 3.1, 3.2 and 3.3, conventional methods of deriving 
the orientation tensor are not feasible.
Modifications to the multiple angle transformation method are performed such that 
trigonometrical identities can be derived to represent the off-axis response of the material. These 
identities are expressed in a form suitable for processing by the finite element method.
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The major complication in expressing the off-axis behaviour of this material is the fact that the 
stiffness components change non linearly as strain changes. Coupled with this is the fact that 
the stiffness components change at a given strain when the temperature of the material varies. 
The highly dependent directionality of the material can be seen by comparing the modulae for 
the 0°, 45, and 90° directions, as shown in Table 3 .1(b).
Figures 3.23 and 3.26 shows the off-axis short term stiffness components of the composite 
material at 23°C, 45°C and 90°C for a range of strain values. Equation 3.17 shows the 
numerical solution adopted to represent the stiffness tensor at various strain values. As the 
strain changes the coefficients of these algorithms will also change. By expressing these 
coefficients as a function of strain level it is then possible to determine the coefficients and 
hence calculate the stiffness components for temperatures of 23°C, 45°C and 60°C.
To develop the off-axis orientation tensor the moduli and Poisson's ratio up to a strain level of 
0.00025 strain are linear orthotropic. Above a strain level of 0.00025 the on-axis stiffness 
components are calculated using Equations 3.17 for the 0°, 45° and 90° fibre directions at the 
operating temperature. Quadratic interpolation is then performed on the resulting on-axis 
stiffnesses so that the stiffness component in the required orientation is obtained. The 
interpolation function underestimates the stiffness components of the composite material for 
off-axis angles between 45° and 90° and as a result the off-axis stiffness is calculated using 
linear regression between the 45° and 90° off-axis stiffness components.
Figures 3.30 and 3.31 show the experimental and thermally dependent numerical stiffness 
components of the composite material at two constant strain levels.
The thermally dependent coefficients, Equation 3.25 and 3.26, to define the orientation 
algorithms are shown in Figures 3.32 to 3.34.
Q 11 m4 n4
Q22 n4 m4
Ql2 m2n2 m2n2
Q66 m2n2 m2n2
2m2n2 4m2n2 
2m2n2 4m2n2
Qxx
Qyy
Qxy
Qss
II's Ci
m2n2 = 1 -
11a Cl
... 3.25
Cij {for strain < 0.00025 constant ... 3.26for strain > 0.00025 function of strain1 = x,y,s 
j = x.y.s
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3 .4  C onclusions
Analytical equations which have been developed in this chapter are unique to the particular 
composite material layup which is being considered in this thesis. The analytical equations had 
to model high degrees of anisotropy, non linearity, thermal and moisture dependence and creep. 
As a consequence not all, but the majority of the analytical equations developed in this chapter 
were in good agreement with experimental results.
Short term thermal experimental tests which were performed on the composite material 
indicated that it was highly anisotropic and thermally dependent. The ultimate strength of the 
material between 23°C and 60°C decreased by 35%, 8% and 13% for off axis angles of 0°, 45° 
and 90°, respectively. The modulus of the material in the 0° off axis fibre direction was 
unaffected by temperature while a decrease in modulus of 44% and 22% occurred in the 45° and 
90° off axis fibre direction respectively, between 23°C and 60°C. Hygrothermally the material 
performed well with an average loss in strength of 10% for all off axis fibre angles. The 
material, which was exposed in the stressed and unstressed state in the natural environment, 
showed no appreciable loss in strength due to degradation.
The analytical equation developed to model short term thermal response of the composite 
material, at various off axis angles, has been shown to accurately represent the nonlinear 
anisotropic behaviour of the material. The Tsai Hill failure criteria was shown to be in good 
agreement with the experimentally determined ultimate strengths of the material over a 
temperature range between 23°C and 60°C. The analytical power law equation developed to 
represent the hygrothermal behaviour were not in good agreement with the experimental results 
at temperatures and moisture contents above 50°C and 80% saturation, respectively. An 
accurate correlation of the hygrothermal performance of the material was achieved by modelling 
the experimental data using a numerical algorithm. The analytical equation developed to model 
the thermal creep behaviour of the composite material was shown to be in good agreement with 
the experimental data. The orientation tensor developed to represent the off axis behaviour of 
the composite material was based on a combination of the multiple angle transformation method 
and linear interpolation. This analytical orientation tensor accurately represented the 
experimental results.
The analytical equations for the short thermal term response and thermal failure criteria of the 
material were combined and programmed into the finite element material characterisation 
routine. The accuracy of this numerical procedure was shown to represent the mechanical 
behaviour of the composite material accurately.
A numerical approach has been developed which is based exclusively on the experimental 
results obtained. The major advantage of this approach is that no idealised analytical 
assumptions are required to be made. The numerical representation of the mechanical behaviour 
of the composite material was shown to be in excellent agreement with all the experimental data 
obtained. The numerical algorithms were programmed such that they could be used in the 
material data deck of the ABAQUS finite element package.
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Plate 3.1 : Short term thermal test set up
Plate 3.2 : Transient test rigs in oven
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Property U n it s Values obta
Fibre orientation : d = 0°
prillt ,a  xx ten MPa 579(26)
°lllt xx comp MPa 229(16)
°uk xx flex MPa 492(40)
prill t°  xy MPa 44
xx ten % 2.2
xx ten mm 3.63
Exx ten GPa 28(3)
Exx flex GPa 15(1)
Exy GPa 4
v xy - 0.27(0.01)
apeak xx Enpact MPa 448(62)
Energy impact kJ/m2 44(14.9)
axx io-6/°c 8.6
Pxx rc 0.0
Fibre orientation : 0 = 45°
o ^ x x te n MPa 68(4)
° uk xx comp MPa 110(14)
° llk xx flex MPa 201(26)
eUk xx ten % 1.2
xx ten mm 1.31
Exx GPa 11.8(2)
■”xy - 0.36(0.02)
Fibre orientation : o = 90°
o ^ x x te n MPa 63
xx comp MPa 136(15)
ollk xx flex MPa 194(43)
o ^ x y MPa 14(2.4)
*llltxx ten % 1.44
5uItxxten mm 1.4
Exx ten GPa 8.3(5)
Exy GPa 6.6
v xy - 0.08(0.01)
axx io-6/°c 22
Pxx rc 0.6
le 3.1(a) : Short term mechanical properties of the composite ma
The mean and standard deviation are shown in brackets
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Property U nits 0° fibre 45° fibre 90° fibre
<Tulttension at 23°C MPa 580 68(4) 63
extension at 45°C MPa 438 (34) 65(3) 60
cyulttension at 60°C MPa 375 (34) 62(3) 55
Extension at 23°C m/m 0.022 0.012 (0.001) 0.0144
Extension at 45°C m/m 0.016 (0.003) 0.015 (0.002) 0.0158
Extension at 60°C m/m 0.014 (0.0019) 0.017 (0.0017) 0.0168
t^ension at 23°C MPa . 28000 (3000) f 11864 (2) ¥ 8313 (5) ¥
t^ension at 45°C MPa 27311 (1338) f 8285 (3) ¥ 7416 (2) ¥
t^ension at 60°C MPa 28030 (2013)f 6631 (1) ¥ 6456 (4) ¥
"^^ compression at 23°C MPa 229 (16) 110(14) 136(15)
^^compression at 45°C MPa 293 (37) 98(5) 83 (13)
^^compression at 60°C MPa 211(23) 68 (12) 68 (10)
t  Modulus is unaffected by temperature (average 0° elastic modulus value 27780 MPa used) 
¥ Initial tangent modulus. Range 0 to 0.001% strain
Table 3.1(b) : Short term thermal mechanical properties of the composite material
Fibre angle (°) Eo (MPa) Tg(°C) T0(°C) 32
CP 28000 80 23 0
45° 9042 80 23 0.255
90° 8318 80 23 0.241
Table 3.2 : Coefficients required to define Equation 3.6
Fibre angle (°) b 2 Bi B0 c2 Ci C0
CP 0 0 0 1 1 1
45° 3.464e-5 -2.038e-3 1.175e-l -1.965e-3 1.53 le-1 2.886e-2
90° -5.118e-5 8.708e-3 -6.520e-2 -1.930e-3 1.510e-l 1.464e-l
Table 3.3 i Coefficients required to define Equations 3.7 and 3.8
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Dry Saturated
oult (MPa) E (GPa) exx (%) ouU (MPa) E (GPa) exx (%)
OP
23° C 571(57) 25.4 (3) 2.31 (0.5) 520 (23) 22.7 (2) 2.32 (0.27)
40° C 486 (77) 21.0 (3) 2.52 (0.68) 398(33) 19.8 (0) 2.17 (0.66)
60° C 429 (49) 20.1 (2) 2.57 (0.40) 375(114) 18.2 (2) 1.78 (0.49)
45°
23° C 69(8) 9.1 (1) 1.39 (0.19) 64(3) 6.9 (0) 1.61 (0.08)
40° C 53 t 6.7 f 1.38 f 49(6) 4.8(1) 1.92 (0.7)
60° C 62(3) 4.1 (0) 1.96 (0.27) 44(2) 3.0 (0) 1.88 (0.49)
90°
23° C 57(6) 7.5(1) 1.88 (0.45) 53(4) 6.2(1) 1.70 (0.37)
40° C 59(3) 7.7 (3) 1.85 (0.58) 43(3) 3.1 (1) 1.93 (0.64)
60° C 51(5) 4.2(1) 1.55 (0.23) 46(1) 3.3 (0) 1.46 (0.15)
t  only one coupon tested
Table 3.4 : In plane hygrothermal results for the composite material
(results courtesy ofVetrotex, U.K.)
Dry Saturated
(MPa) E (MPa) dxx (mm) ault (MPa) E (MPa) d^ (mm)
OP
23° C 492 (40) 15083 (874) 6.0 (0.1) 439(55) 12404 (1250) 6.7 (0.4)
40° C 416 (17) 12450 (250) 6.1 (0.3) 401 (36) 10996 (693) 6.9 (0.5)
60° C 370 (23) 12444 (446) 5.2 (0.2) 354(32) 11212(673) 5.3 (0.7)
45°
23° C 195 (43) 9648 (328) 3.7 (0.4) 149 (6) 9077 (210) 4.3 (0.3)
40° C 182 (8) 8814 (244) 3.9 (0.2) 124(4) 7544 (533) 4.8 (0.3)
60° C 141 (5) 8009 (229) 3.7 (0.8) 99(5) 6533 (255) 4.9 (1.2)
60°
23° C 201 (26) 9425 (281) 4.4 (0.5) 172 (10) 9118(367) 4.9 (0.3)
40° C 209 (5) 9491 (755) 4.0 (0.3) 156 (10) 7818 (343) 4.7 (0.2)
60° C 155 (8) 7396 (423) 4.2 (0.6) 117(6) 6483 (564) 5.4 (0.2)
Table 3.5 : Out of plane hygrothermal results for the composite material 
(results courtesy ofVetrotex, U.K.)
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Dry Saturated
ault (MPa) odt (MPa)
OP
23° C 33 (1) 30(3)
40° C 29(2) 26(3)
60° C 25(2) 22(1)
90°
23° C 14(2) 13 (1)
40° C 12(2) 10(2)
60° C 14(2) 11(2)
Table 3.6 : Interlaminar shear hygrothermal results for the composite material 
(results courtesy ofVetrotex , U.K.)
Dry Saturated
oult (MPa) E (MPa) exx (%) o'*1 (MPa) E (MPa) 8  XX ( % )
Synolite
40-7409
Resin
20° C 43(5) 5181 (192) 0.86 (0.12) 37(2) 3865 (234) 1.08 (0.10)
40° C 35(5) 4100 (241) 0.97(0.15) 34(2) 2637(118) 2.10 (0.37)
60° C 25(1) 1889(112) 11.71 (2.89) 15.2(1) 677 (216) 18.51 (3.43)
Table 3.7 : In plane hygrothermal results for the matrix 
(results courtesy ofVetrotex, U.K.)
Applied
stress
(MPa)
Stress
amplitude
(MPa)
Residual
strength
(MPa)
Cycle
frequency
(Hz)
Cycles to 
failure
2.6 0.1 12 120 >107
5.2 0.2 Failure 120 1.2 x 106
7.8 0.25 Failure 120 8.8 x 104
Table 3.8 : Fatigue behaviour of the composite material 
(results courtesy of CIBA, U.K.)
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Fibre
orientation
0
Applied
stress
(MPa)
%  stress 
amplitude 
(%)
Residual
strength
(MPa)
Cycle
frequency
(Hz)
Cycles to 
failure
CP 15 33 - 50 >107
45° 6 16 Failure 120 5.0 x 104
45° 11 16 Failure 120 4.8 x 104
90° 6 16 Failure 120 3.2 x 105
90P 11 16 Failure 120 7.6 x 104
Table 3.9 In plane hygrothermal results for the matrix 
(results courtesy of CIBA, U.K.)
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%UTS Axis angle Temperature Strain Stress
(°) (°C) (m/m) (MPa)
0.05UTS OP 23 0.001000 41
0.05UTS OP 45 0.001220 41
0.05UTS OP 60 0.001320 41
0.1UTS OP 23 0.002000 73
0.1UTS OP 45 0.002300 73
0.1UTS OP 60 0.002430 73
0.2UTS OP 23 0.003000 104
0.2UTS OP 45 0.003320 103
0.2UTS op 60 0.003500 103
0.2UTS 45° 23 0.002100 20
0.2UTS 45° 45 0.002600 20
0.2UTS 45° 60 0.003760 20
0.4UTS 45° 23 0.004200 33
0.4UTS 45° 45 0.005190 33
0.4UTS 45° 60 0.007320 33
0.6UTS 45° 23 0.006300 44
0.6UTS 45° 45 0.008000 44
0.6UTS 45° 60 0.010800 44
0.2UTS 90° 23 0.002900 22
0.2UTS 90° 45 0.003200 22
0.2UTS 90° 60 0.003890 22
0.4UTS 90° 23 0.005800 35
0.4UTS 90° 45 0.006912 35
0.4UTS 90° 60 0.007800 35
0.6UTS 90° 23 0.008700 46
0.6UTS 90° 45 0.011000 46
0.6UTS 90° 60 0.011900 46
Table 3.10 : Experimental creep initial stress levels
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Temperature On axis m l m2 m l %  Error
T (°C) angle (°) in curvefit
T 0
23 0 28175.00 20.490 0.34666 0.17%
45 0 24944.00 241.390 0.6319 0.01%
60 0 10262.00 7876.800 0.89741 0.01%
23 45 -30018.00 23251.000 0.94212 0.26%
45 45 -2344.20 1508.700 0.78903 0.46%
60 45 2417.00 50.137 0.5321 1.27%
23 90 2389.70 51.862 0.47866 0.80%
45 90 -424.20 295.660 0.6345 0.09%
60 90 -41.81 352.570 0.67611 1.27%
Table 3.11 : Short term numerical coefficients derived from experimental data
Strain Vx 0° Vy 0° Vx 90° Vy 90° Vx 45° Vy 45°
0.001 0.28 0.08 0.08 0.28 0.32 0.32
0.003 0.28 0.06 0.06 0.28 0.32 0.32
0.005 0.28 0.05 0.05 0.28 0.32 0.32
0.007 0.28 0.05 0.05 0.28 0.32 0.32
0.009 0.28 0.04 0.04 0.28 0.32 0.32
0.011 0.28 0.04 0.04 0.28 0.32 0.32
0.013 0.28 0.04 0.04 0.28 0.32 0.32
0.015 0.28 0.03 0.03 0.28 0.32 0.32
0.017 0.28 0.03 0.03 0.28 0.32 0.32
0.019 0.28 0.03 0.03 0.28 0.32 0.32
0.021 0.28 0.03 0.03 0.28 0.32 0.32
u y o° or v x 90° = -0.043361 - 0.04177 log(strain)
Table 3.12 : Short term Poissons ratios used in numerical characterisation
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On axis 
angle 
0
(°)
Reference
Temp
T
(°C)
In plane
0iult hygro 
(incO-mcl)
(MPa)
In plane
Ci hygro 
(mcO-mcl)
(MPa)
Inter lam
shear 
°iuit hygro 
(mcO-mcl)
(MPa)
Out of
plane 
aiult hygro 
(mcO-mcl)
(MPa)
Out of
plane
Ci hygro 
(mcO-mcl)
(MPa)
OP 23° C 51 -2700 -3 -53 -2679
OP 40° C 88 -1200 -3 -15 -1454
OP 60° C 54 -1900 -3 -16 -2232
45° 23° C 5 -2200 No test done -46 -571
45° 40° C 4 -1900 No test done -58 -1270
45° 60° C 18 -1100 No test done -42 -1476
90° 23° C 4 -1300 -1 -29 -307
90° 40° C 16 -4600 -2 -53 -1673
90° 60° C 5 -900 -3 -38 -913
Table 3.13 : Change in hygrothermal parameters with respect to a change in 
moisture content
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Figure 3.1 : Experimental and numerical short term thermal stress strain
response of the composite material at a 0° off axis fibre direction
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Figure 3.2 : Experimental and numerical short term thermal stress strain
response of the composite material at a 45° off axis fibre direction
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Figure 3.4 : Isothermal short term failure curves for the composite material
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Figure 3.8 : Sensitivity of the non dimensional temperature with respect to 
varing moisture content and operating temperature, [Tsai, 1987]
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Figure 3.12: Micro-mechanical characterisation of the composite material
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Figure 3.18: Transient response at 0.4 UTS for the 45° off axis fibre direction
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Figure 3.22: Transient response at 0.6 UTS for the 90° off axis fibre direction
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Figure 3.24 : On axis thermally dependant Q lle at 23°C
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Figure 3.26 : On axis thermally dependant Q ll eat 60° C
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C h a p te r 4 : A nalyses o f p ro to ty p e  b rid g e  s u p e rs tru c tu re s
an d  th e ir  F R P  com ponents
4 .1  Introduction
The analytical equations and numerical subroutine developed for the composite material 
investigated in Chapter 3 will be used to analyse the performance of prototype structures 
fabricated from the same composite material. Chapter 4 is divided into three parts. Part 1 
investigates the long term static testing of two eighteen metre composite cellular box beam 
prototypes suitable for use as footbridge superstructures. Part 2 investigates the short term 
static and dynamic characteristics of a twelve metre composite cellular box beam prototype. Part 
3 investigates the possibility of increasing the local bearing capacity of the structures by 
introducing an epoxy foam filler.
4 .2  Finite element software and hardware specifications utilised in this 
chapter
The numerical analyses presented were undertaken by the finite element procedure. The 
analyses were carried out using the ABAQUS programme, [Hibbitt, Karlsson and Sorensen, 
1993], The finite element analyses were undertaken to provide a numerical comparison with the 
experimental solution and to validate material models and parameters. The pre- and post­
processing of the model and results, respectively, were carried out using P3/PATRAN 1.2, 
[PDA engineering, 1993].
P3/PATRAN was mounted and run on a Sun SPARC IPX work station. The specification of 
this work station is 64 Mbytes RAM, 170 Mbytes swap space, 1500 Mbytes storage capacity 
with a sun SPARC processor.
ABAQUS 5.3 was mounted and run on the University of London’s Convex supercomputer. 
The Sun Sparc IPX and the Convex supercomputer were connected via the Ethernet network.
P a r t  1
4 .3  Long term testing of two eighteen metre prototype composite box 
beams in the natural environment
4 . 3 . 1  Objective
The objective of this chapter is to investigate the long term performance of advanced fibre 
reinforced polymer (FRP) composites (mechanical behaviour of the FRP is discussed in 
Chapter 3) for use in footbridge superstructures. Of particular interest were the effects of 
prolonged environmental exposure on engineering characteristics, such as material integrity, 
structural strength and stiffness.
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4 . 3 . 2  Description of prototype box beams
Full scale experimental tests were undertaken on two box beams fabricated from the Maunsell 
Structural Plastics advanced composite construction system (ACCS) Plank [Green et al, 1994], 
[Head, 1982]. The main components of the beams consisted of 10 such planks which were 
manufactured using the pultrusion technique by Techbuild Composite Ltd., Lancashire using E- 
glass fibres and DSM 40-7409 polymer (no release agents or heat cure catalysts were used); the 
cross section is shown in Figure 4.1. The beam is completed by connecting, via an adhesive, 
the 10 planks through longitudinal under cut grooves through which 'dog-bone' connectors 
were passed. The outside overall dimensions of the box beam are 0.76 m deep by 18 m long 
and 2.13 m wide, shown in Figure 4.2. The panel dimensions are 80 mm deep by 18 m long 
and 0.6 m wide.
4.3.3 Experimental Technique
The loaded environmental test beams were reacted against each other under a four point loading 
system; this gave approximately the same numerical values for the bending moment at mid-span 
as would be experienced by a footbridge structure loaded in accordance with the present bridge 
loading [Department of Transport, 1989]. Figure 4.3 and Plate 4.1 shows the experimental set­
up. The beams were supported at quarter point positions on brick piers through a series 
arrangement consisting of soft timber planks and a universal I-section distribution beam; this 
system simulated a transverse line load reaction. The load was applied to the system through 
four hydraulic jacks, two at each end of the beam. Each jack was in series with a load cell and 
rocker and two of these systems were reacted through a universal I section distribution steel 
beam and soft timber planks all manufactured specifically for these tests; the rockers were 
manufactured to allow rotational and longitudinal degrees of freedom (statically determinate) to 
enable the creep and the expansion and contraction of the beam to take place freely, [Hollaway 
and Lee, 1992].
A total of twenty eight precise levelling (PL) studs to determine the deflection of the beam, 
fourteen vibrating wire (VW) gauges and twenty demec (DM) studs were placed in strategic 
locations on the box beams, see Figure 4.4. The deflections of the beams were measured on 
both edges of each beam by PL at the extremities (the jack positions), at the supports, at the 
quarter joints of the central span and at the centre of the beams. A lap top computer was used 
on site to ensure that the precise level measurements were within the required ±0.1  mm 
accuracy. VW gauges were used to monitor the strain distribution through the depth of the 
beam at its centre line on both outer webs of one box beam; DM studs were bonded on to both 
of the outer webs of the two beams near to their centrelines; the readings from the DM studs 
verified those of the VW gauges. Continuous monitoring of the temperature and humidity of the 
environment was undertaken using a 'Psion' data logger. At specific location points 
thermocouple readings have been taken during particularly hot days for 25 hours see Figures
4.5 and 4.6; these readings were obtained using a Grant Squirrel data logger. A frequency 
distribution of temperature and humidity obtained from the Psion is shown in Figures 4.7 and 
4.8, respectively. In addition to these environmental readings, meteorological data from the 
meteorological office at Bracknell was obtained; these contained daily rainfall, sunshine,
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maximum and minimum temperature readings for the period January to September 1992. A 
condition survey of the beams was undertaken every week.
Geometrical and inservice properties calculated for the box beams are given in Table 4.1.
4.3.4 Numerical modelling of the 18 metre box beams
One quarter of the box beam system was modelled; the axes of symmetry were bounded by the 
longitudinal and transverse centre lines. The finite element analyses were undertaken to provide 
a numerical comparison with the experimental behaviour of the structures. Shell elements of 
dimension 80 mm x 86 mm x 3 mm thick were used. Topologically these elements are 
described as being bi-quadratic, quadrilateral and isoparametric doubly curved. The upper and 
lower flanges of the panel consist of seven rows each containing 225 of these elements and 
likewise the eight webs associated with the plank each had one row of 225 elements. From a 
mathematical viewpoint the cross section was formed by numerical integration thus allowing 
complete generality in material modelling. This was advantageous since the experimentally 
obtained mechanical properties could be incorporated into the element to calculate the stiffness 
matrix of the pseudo-plank (the material subroutine developed in Section 3.3 was not used in 
this model). To optimise the calculation rate of the element, three displacements and only two 
in-plane rotational components at each node of the element were considered; the out of plane 
rotation at each node was constrained. Due to the non-linear nature of the stress-strain curves 
for this material five integration points per element were the minimum required to determine the 
response of the plank [Dawe, 1984]; reduced integration was used to provide the solution.
4.3.5 Experimental static load test procedure
The beams were loaded in increments of 20 kN up to a maximum value of 200 kN and for each 
loading increment strain values and deflections were obtained; one day was allowed for each 
loading increment. At full load the structure was allowed to creep; strain and displacement 
readings were taken at preset times. After 56, 116 and 178 days exposure the structures were 
unloaded, allowed to recover for 24 hours and were then reloaded, with the exception of the 
last load cycle when the structure was unloaded only. This operation was to enable a value of 
stiffness of the beams to be computed at specific times during the test programme to ascertain 
whether the system was degrading under natural weathering and continuous loading. The 
mechanical test results of the unloading and reloading cycles over the period of nine months are 
given in two forms; these are the actual deflections at the centre and ends of the beams and the 
stiffness of the beams at the prescribed times, see Table 4.2.
4 . 3 . 6  Time dependent failure of the composite material in the natural 
environment
In order to determine the creep rupture of the composite material in the natural environment, six 
test rigs were constructed which could maintain high loads whilst placed in the natural 
environment for long time periods. Each rig consisted of two 300 x 300 x 15 mm steel plates 
separated by a distance of 400 mm by four solid steel bars of 25 mm diameter, which were 
connected to the reaction plate corners. Each rig could apply loads, in parallel, to three coupons
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at any one time. The load was applied axially by tightening a nut on a threaded steel bar, which 
passed through one plate and was connected directly to one set of jaws holding the coupon. The 
other set of jaws were fixed encastre to the opposite plate. Thrust races were used to eliminate 
the torque effects induced in the system when applying load. An aluminium load cell was 
placed in series with each test coupon; the load cell was calibrated against a standard cell. Disc 
springs were placed between the load cell and one reaction plate to prevent relaxation of the load 
over the testing period, a diagrammatical representation is shown in Figure 4.9. A total of fifty 
four 0° off axis coupons, as describes in Section 3.2.24, under went time dependent rupture 
tests, the results are shown in Figure 4.10, [Lee and Hollaway, 1993].
4.3.7 Results of the tests on the 18 metre box beams
The stiffness has been calculated during an incremental load by measuring the central deflection 
relative to the internal supports when a pure moment is applied at these supports, the value of 
which was the product of the cantilever span and the applied load at the cantilever end. The 
deflection values are those which were recorded immediately before the load was removed from 
the beam at the specified times; therefore creep deformation was included during decrements.
The stiffness remains relatively constant over the period, the slight variations are due to 
temperature differences at the time of loading and due to the different loading procedures. At 
time 0 and 10 weeks the load was incremented to its working values in four stages whereas at 
time 19 weeks the load was incremented in only two stages.
The strain values obtained from the VW gauges and the DM studs at the centre span of the 
environmental box beams are shown in Figure4.12Referring to the bottom beam, these values 
and their distribution obtained from the two methods compare well; the maximum strain reached 
in the plank was 650 micro-strain at ten days from the start of the test.
At the end of the nine months test, the experimental deflections of the central part of the beam 
relative to the supports was 17.4 mm (average), without temperature compensation but 
including the effects of the two loading cycles in April and June and the creep of the material; 
the cantilever deflection relative to the support was 73.25 mm (average). The equivalent 
numerical values were 15.3 mm and 59.2 mm respectively. These displacements correspond to 
a 1/200 deflection span ratio; visually the deflections appeared larger in the prototype due to the 
back to back arrangement. During the test, at the extreme end of the beam, some slippage was 
observed at the corner connectors and the vertical planks in the tensile and compressive zones; 
this occurred towards the end of the nine month test period; this may have been caused by 
bond failure in the adhesive although the evidence is not conclusive; it could have been a 
function of the test set-up. The maximum flange web connector slippage occurred at the end of 
the test at the south west upper corner of the lower beam and was 12 mm.
Fig 4.11 shows the longitudinal displacement profiles of the box beam on the south side at 3 
days exposure under full load, immediately before unloading at 59, 121 and 218 days 
exposure. The graph shows predominantly the creep of the beam in the natural environment.
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The weight of each beam was calculated to be 2.75 tonnes and together with the weight of the 
reaction frame and loading equipment the total load on each foundation was 3.75 tonnes; this 
was spread over a ground area of 3 square metres. The settlement at each reaction pier for each 
time interval is clearly shown in Figure 4.11. Initially the flexural rigidity (El) of the beam in 
bending, computed from deflection reading had a value of 9.53 x 107 Nm2. At 52, 121 and 
218 days the equivalent values were 9.20 x 107 Nm2, 9.38 x 107 Nm2 and 9.18 x 10? Nm2. 
respectively. These values are an average for the whole beam. From three computations it is 
seen that the bending stiffness has not changed significantly; these values have not been 
corrected for temperature.
Figure 4.12 compares the numerical longitudinal strains at the centre span of the beam with the 
experimentally obtained values. Readings for the VW gauges consisted of a strain and 
temperature value and these can then be used to calibrate the strain values at any particular 
temperature level. The strain values obtained using the DM gauges are related to the standard 
Invar bar length such that the appropriate temperature correction could be made.
The temperature value inside the box beam during hot periods is not significantly greater than 
that of the ambient air and has a similar temperature magnitude to that on the face of the beam 
away from the direct rays of the sun (ie on the north facing surfaces of the beam). Figures 4.5 
and 4.6 indicate the magnitude of the temperature, at the positions shown, for a period of 25 
hours. Figure 4.7 indicates that the mean temperature over the test period was 14.2° C
with a standard deviation of ± 7.3° C.
Moisture ingress to the inside of the box beams and inside the planks did occur but it is 
uncertain exactly where the point of entry occurred. It is unlikely that water gained access 
through the bonded joints as these appeared to be water tight. It is believed that rain water 
entered through the junction of the end cover plates to the planks; these plates were positioned 
for the purpose of this test only and were not a permanent feature of the beam. During the test 
these end cover plates became debonded at the top of the beams. Consequently moisture 
became trapped in the plank section as was discovered during the test when holes were drilled 
through these units to place extra vibrating wire gauges on to the vertical surfaces of the box 
beam.
During the latter part of the exposure of the two beams, yellowing of the surface was observed 
particularly on the top surface of the top beam and the south facing sides of the two beams. The 
early months of the summer period were very sunny and warm and it must be assumed that 
this discolouration was due to the UV effects from the sun. At the end of the test a small area 
of the affected surface was lightly scraped and the original colour of the beam was restored. 
This demonstrated that the depth of penetration of the UV was minimal. Generally unpigmented 
laminates discolour. Discolouration does not significantly affect the mechanical properties of the 
laminates.
4.3.8 Observations from the tests on the 18 metre beams
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The loaded environmental box beams showed no signs of global deterioration and generally 
behaved as predicted. However, there was some local flexural cracking in the connectors at the 
position of the applied line load; this area of potential failure did not occur in the planks, where 
diaphragms were positioned parallel to the line load.
The numerical model was in good agreement with the short term experimental results obtained 
for the box beams.
The short term stiffness of the beam during the test did not decrease to any appreciable extent; at 
the end of the test the value was 97% of its initial value. Full recovery was achieved after the 
first loading cycle but at the end of the test little recovery was observed.
Over the test period the deflection at the centre of the beam, which was under a pure moment of 
430 kNm increased by 13% of the static value at time zero. At the end of the nine month test 
period the rate of creep was practically zero; 60% of the creep took place over the first forty 
days of the loaded period. Tensile creep rupture of the material will not occur within a design 
life of 120 years for stress levels up to 100 MPa.
The deflection at the free end of the beam which was under a maximum moment and shear load 
of 430 kNm and 100 kN, respectively, increased by 40% of the static value at time zero. The 
rate of creep deformation at the free end of the beams appeared to remain constant throughout 
the test. At the end of the test, it appeared that from a visual point of view the bonding/fixing of 
the planks to the connectors over the pure bending region had performed well. In the cantilever 
region there was some slippage between the plank and connectors and it is still unclear where 
the debonding occurred. However, in regions of bond line edges, a series of composite dowel 
pins could be incorporated through the connector and face material of the plank to resist 
movement between the two component parts.
Some UV attack on large exposed surfaces of FRP was observed but the discolouration did not 
affect the strength of the beam; indeed, it was only a surface problem which was removed at the 
end of the test by scraping. For reasons of schedule no UV pigments or stabilisers were 
incorporated into the pultrusions at the time of manufacture. Discolouration tests on coupon 
specimens showed that much better UV resistance can be attained by using stabilisers.
Condition surveys of the prototypes were made at weekly intervals and a complete analysis of 
the beams at the end of the test period was undertaken, [Hollaway and Lee, 1992].
The ultra violet attack on large exposed surfaces of FRP should be addressed. The surfaces of 
the box beams which faced south and the horizontal upper surface of the top beam were 
severely discoloured at the end of the test. This discolouration did not affect the strength of the 
beam; indeed, it was only a surface problem which was removed at the end of the test by 
scraping. However, over a long period of time the aesthetic effect could be important; no ultra 
violet stabilisers were incorporated into the polymer during manufacture of the composites.
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During the nine month period, water did enter the box beams through cracks and debonded 
facia panels at both ends of the box beams; the entrance of moisture into the void of the box 
beams did not affect the performance of the structure.
P a r t  2
4 .4  The short term structural and dynamic characteristics of the
composite cellular box beam under laboratory controlled conditions
4 . 4 . 1  Introduction
This part of the chapter discusses the experimental and numerical analyses of the short term 
performance up to failure of the cellular box beam under a four point loading configuration. The 
experimental and numerical dynamic analyses of the structure in a pseudo unconstrained state 
are also presented. The numerical analyses utilise mechanical property subroutines which were 
developed from the experimental testing of coupon specimens of the material; this has been 
discussed in Section 3.3. The comparisons of the experimental results and analytical equations 
will justify the accuracy of the numerical modelling technique developed.
The box beam system consists of interlocking pultruded ACCS units through connectors where 
the units form part of either the flanges or webs of the system, see Figure 4.1 and 4.2.
The ACCS planks were manufactured from composite materials discussed in Chapter 3.
4.4.2 Static loading tests to failure
Figure 4.13 shows the set up for the test and the positions of the recording equipment. A four 
point loading was used where the central span was 3 metres. Each jack was in series with a 
load cell rocker and universal I section distribution steel beam. Four hundred millimetre wide 
soft wood planks in series with two hundred millimetre wide hardwood planks were 
sandwiched between the distribution steel beam and the composite box beam; this loading 
arrangement distributed the high line loads at the supports and reaction frames over an area of 
400 mm x 2130 mm, the aim being to prevent local crushing of the plank walls. The reaction 
loading system was designed in a similar manner to that at the loading jack area. The whole 
reaction system was designed to take a total load of 650 kN, which was the working limitation 
of the strong floor reaction bolts of the structures laboratory.
The box beam was strain gauged at strategic positions as shown in Figure 4.14 with 30 mm 
gauge length electrical resistance strain gauges; these were placed on the two exterior web 
surfaces of the beam at mid span. In addition, electrical resistance strain gauges were bonded at 
the junction of the planks and connectors on the top and bottom horizontal external faces of the 
beam; these gauges were also positioned at the centre span to observe any slip between the 
connector units and the composite planks; the positions of these gauges are shown in Figure 
4.13. Monitoring at other strategic positions on the beam for potential slip was also undertaken. 
Deflections of the box-beam were measured using linear displacement transducers (LVDT) at
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the centre span and at one metre positions from the free ends; these latter locations are
shown on Figure 4.13. The strain gauge and deflection readings were recorded by means of a 
Solartron data logger and the values were transferred to a HP computer for processing.
To increase the shear strength of the box beams between the corner connectors and the vertical 
planks at the extreme ends of the beams, steel pins of 14 mm diameter were inserted vertically 
through the horizontal faces of the corner connectors and the horizontal faces of the vertical 
planks, see Section 4.4.2.
The beam was loaded to failure at a constant rate and at every four tonnes total load, all strain 
gauge and displacement values were recorded.
4.4,3 Numerical modelling of the 12 metre beam
Two finite element models were developed; the first one calculated the linear dynamic response 
of the structure and the second one calculated its static response to failure. The mesh used for 
the latter model is shown in Figure 4.15 and consisted of 6962 elements with 43 164 degrees of 
freedom.
The mechanical behaviour of the material and failure criteria was modelled using the user 
subroutine contained in Appendix 3-C.
The load up algorithm used in the static test to failure was the Riks load proportionality method 
incorporating automatic incrementation. A geometrical non linear analysis of the box section 
was necessary as the curvature of the loaded experimental test beam indicated that the stiffness 
matrix of box beam would change and therefore should be updated as the load increased. The 
use of non linear material and geometry coupled with the Riks proportional load technique and 
the actual size of the mesh indicated that the numerical solution of the box beam would be 
expensive on CPU time. One symmetric quarter of the box beam was modelled in order to 
minimise the CPU time required for processing the static test to failure and in addition the 
bandwidth of the elements was optimised using the wavefront minimisation technique. The 
boundary conditions used at the symmetric planes of the box beam are given in Equations 4.1 
and 4.2. The x, y and z directions are shown in Figure 4.15.
Symmetry about the y-z plane : 5X = 0y = 0Z = 0 ... 4.1
Symmetry about the x-zplane : 6y = 0X = 0Z= 0 ... 4.2
Shell elements, using thin plate theory [Timenshenko, 1967], were utilised to model the box
section. These bi-quadratic elements were 3 mm thick and varied in area from 80 mm x 86 mm
to 80 mm x 300 mm in regions of high shear and flexure respectively as shown in Figure 4.15. 
The cells in each plank of the box section were modelled utilising these elements and although 
the mesh has a large bandwidth after optimisation, it is the only accurate numerical method for 
modelling the complex mathematical geometry to accurately perform a non linear numerical 
analysis on the structure and achieve an accurate representation of the structure.
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The loading arrangements for the numerical model were identical to those for the experimental 
test. The external supports consisted of a universal I section steel member in series with 
softwood pads which rested on the top of the beam; diaphragms were positioned in the voided 
areas of the box beam in the plane of the external support. The softwood and steel materials 
were modelled using twenty noded brick elements. The faces of these elements were attached to 
one another and their respective shell elements by using the PATRAN/P3 node equivalencing.
A normal pressure in the negative Z-direction was applied to the bottom face of the steel pad 
which was adjacent to the end of the box beam, see Figure 4.13. A rocker support system was 
specified on the top surface of the other steel pad. The maximum load proportionality factor 
achieved in the numerical analysis was 3.75, which is equivalent to a load of 750 kN in the 
beam. The failure criteria was used to indicate the load and location where failure would occur.
4.4.4 Experimental vibrational testing of the 12 metre beamjJKTOp.Au
An estimate of the fundamental) frequency of the composite beam was determined before 
loading it statically to failure. The box beam was simply supported over a span of 11.5 meters. 
The supports consisted of a 400 mm and a 200 mm wide soft wood plank in series with a 
universal I section distribution steel beam; this system allowed a line reaction to be formed for 
the box beam. Two different techniques of applying a vibration load were used; one was 
through an impact load to determine the range in which the fundamental frequency existed and 
the other was through a Ling 50N vibrator which excited the beam over a limited frequency 
range. A random noise excitation input for 70% of each time record lasting 20 seconds was 
applied through the Ling vibrator, the remaining 30% of the time record allowed the excitation 
response to be measured at selected locations on the structure. During the impact test a B &K 
accelerometer was placed at the centroid of the external surface of the lower flange; this allowed 
the first mode of the beam to be detected. A total of twelve impact excitations gave a natural 
frequency of between 11.2 and 11.5 Hz.
To determine the modal parameters for the beam the frequency of the random noise continuous 
vibrational excitation was used over a rectangular grid of 9 x 4 station points. The structure was 
subjected to five bursts of the excitation input and the readings from a force transducer, (which 
was located adjacent to the vibrator), and from the accelerometer (which was position at each of 
the grid nodes in turn) allowed the coherence of the vibrating system to be determined; 
confidence limits could then be placed on the frequencies obtained. A total of 360 readings were 
taken on the bridge deck and these were processed using the HP software 'Entek'. A frequency 
response function for the structure is shown in Figure 4.16.
4 . 4 . 5  Results of the vibrational testing of the 12 metre beam
Table 4.3 gives the results of the vibrational analysis of the 12 m simply supported box beam. 
The coherence functions from the experimental analyses indicate that the modal parameters for 
the first three modes of the beam were obtained with a 99% confidence limit. The mode shapes 
obtained are typical of those expected from a vibrational analysis of a box beam. Under a 
vibrational forcing function of 50N, which induced a fundamental frequency of 11.3 Hz, the
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deflection
maximumjamplitude of the beam was 80 mm. The supports generated a resistance to dynamic 
motion, when vibrating in the fundamental mode. The resistance to rotation at the supports is 
identified by the fact that the phase angle for the fundamental mode is 92° whereas a perfect 
mode shape would be identified by a phase angle of 90°.
4 . 4 . 6  Results of the numerical vibrational analysis
To ensure all vibrational modes were obtained in the numerical dynamic analysis the whole box 
beam was modelled. A real eigenvalue extraction was performed on the unloaded box beam 
using the subspace iteration technique. The density and coefficient of natural damping of the 
composite material, which were determined experimentally, were input to the data deck. The 
first three natural frequencies together with a description of their mode types are given in Table 4.3.
4.4.7 Results of the static tests to failure of the 12 metre box beam
The experimental and numerical load deflection curves are shown in Figure 4.17. Up to a 
twenty tonne load both sets of results are in good agreement. After this value the experimental 
results indicate that the stiffness of the box beam is reducing gradually. The reduction in 
stiffness is due to primary creep of the beam occurring at the high applied loads; it took 
approximately twenty minutes to load the box beam to failure, which is sufficient time for creep 
effects to propagate. The final creep deformation measured over nine months on a similar 
eighteen metre box beam under a sustained load of twenty tonnes was 100 mm. As the Riks 
load proportionality and creep algorithms are mutually exclusive the time dependent effects 
could not be modelled in this numerical analysis.
Figure 4.18 shows the experimental and numerical strain response on the tension flange of the 
box beam. Both sets of results are in good agreement up to a load of twenty tonnes (ie 50 
kN/jack), but for higher increments of load the experimental strain values tend to be greater in 
magnitude than those obtained numerically. The reason for this discrepancy has been attributed 
to creep of the material. The experimental strain distribution at high load increments is shown to 
be uneven; it appears that the connection to the left 'band internal plank is particularly stiff. 
Experimentally the box beam failed at 62.5 tonnes whereas the numerical failure occurred at 70 
tonnes, however, it can be seen from Figure 4.18 that the levels of failure strain on the flange 
are similar for both the experimental test and the numerical analysis; this would indicate that 
creep effects were present in the experimental test.
Figure 4.19 shows the experimental and numerical strain response on the compression flange 
of the box beam. The experimental and numerical results are in good agreement. The higher 
rigidity in the locations of the webs which prevents local warping of the panels is apparent from 
the numerical analysis, this effect is not as pronounced from the experimental tests. The 
discrepancy is due to local warping under the higher compression loads of the plank cells, this 
effect was visible during the latter stages of the test.
Figure 4.20 shows the experimental strain distribution throughout the depth of the webs at mid 
span of the box beam. As expected the strain response is linear up to 50 kN per jack. Beyond
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this value the strain response describes a non linear path with a maximum downward shift of 
the neutral axis by 17 mm. The non linear response denominates at the outer edges of the webs 
where high flexural stresses exist. The curvatures in the strain response are likely to be creep 
effects, a similar strain pattern occurred in the eighteen metre beams which were monitored for 
creep over a nine month period, [Hollaway et al, 1993].
It has been shown in Figures 4.18 and 4.19 that the numerical prediction of the mid span strain 
at failure was in good agreement with the experimental failure stains obtained. The experimental 
and numerical failure loads were 62.5 tonnes and 70 tonnes, respectively, the 7.5 tonne 
difference has been attributed to creep effects during the experimental test. The numerical failure 
criteria indicated that rupture would occur due to high stress resultants in the diaphragms being 
transferred to the plank walls. In the laboratory local bearing failure occurred over one of the 
the loading positions. This caused the diaphragm at this point to push through and to crush the 
plank walls of the top flange of the box beam, this mode of failure is similar to that predicted by 
the numerical analysis.
4 .4 .8  Observations from the 12 metre beam tests
The numerical modelling of the system adequately represented the experimental structure under 
static and vibrational loading and completely represented it up to 33% of failure. Beyond this 
limit the numerical representation appeared to be stiffer than the experimental structure and has a 
load deflection characteristic which is basically linear to failure. The experimental model 
indicates a non-linear load deflection characteristic in the higher load region which has been 
attributed to the primary creep effects. The strain components of the experimental and numerical 
models agree up to 33% of failure but diverge beyond this point and differ by 15% at failure. 
These discrepancies are attributed to the creep of the system under high load.
maximumjamplitude of 80 mm, which occurred at mid span, the test was not performed in a 
free-free state and the supports generated a resistance to dynamic motion but this procedure 
was adopted to obtain an estimate of the unconstrained frequency of vibration of the structure.
It has been shown that there was satisfactory agreement between the two methods of analyses. 
The beam displayed non-linear behaviour above a moment value of 860 kN-m. The weakest 
part of the structure was the connection at the support end.
P a r t  3
4 .5  Analysis of foamed filled and voided ACCS planks
4 . 5 . 1  Introduction
This part investigates the advantages of using a foamed plank system in certain regions of the 
box beam structure described in Sections 4.3 and 4.4. The objective of this investigation was to 
ascertain if the addition of foam into the cells of the ACCS planks enhanced their mechanical
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behaviour. Particular attention will be focused on the mechanical, buckling and crushing 
characteristics of the foamed plank when loaded out of plane and transversely in plane. These 
two loading criteria are representative of the compressive flange and the web of the box beam, 
respectively.
By injecting a pultruded composite cellular system with an epoxy foam a sandwich system was 
obtained. The reason for forming a sandwich system was to allow a composite structure to 
sustain and redistribute effectively stress resultants obtained from concentrated loads.
Geometrically identical samples of both the foamed and the voided (unfoamed) planks were 
tested under a three point bending regime. The principle stress distributions on both samples 
were monitored, for comparative purposes, using strain gauge rosettes. Short term tests were 
independently carried out on the composite material and the epoxy foam; these have been 
reported in Chapter 3. Experimental testing of the materials allowed non linear material models 
to be developed for both components of the sandwich system. These models were then used in 
the materials data deck of the ABAQUS finite element package.
The experimental, analytical and numerical results obtained are compared. The buckling, 
crushing and stress redistribution behaviour of the foamed plank was analysed. The material 
model obtained for the foamed plank is then used in the finite element analysis an actual bridge 
superstructure incorporating this sandwich system.
4 . 5 . 2  Uses for the foamed panel
In order to increase the load bearing and buckling capacity of the box section certain cells of its 
constituent ACCS planks and connectors, shown in Figure 4.1, were filled with a structural 
epoxy foam, thus forming a foamed plank arrangement. The foam was manufactured by CIBA 
polymers, UK.
4 . 5 . 3  Material properties
The foamed plank consisted of two material types, viz glass fibre reinforced polymer (FRP) 
and foam. Independent tests were performed on both of these materials to ascertain their 
mechanical behaviour.
Cylindrical samples, 50 mm high and 50 mm in diameter, of the cured structural epoxy foam 
were tested in uniaxial compression. The foam was elastic up to a stress level of 4 MPa, 
thereafter, the foam behaved in an elasto-plastic manner. The elastic modulus of the foam is 114 
MPa; this value is similar to the modulus of other structural epoxy foams, [Vinson and 
Sierakowski, 1987]. Figure 4.21 shows the plot of the experimental data, which was 
converted to stress and strain units, the traces of the analytical curve and the numerical curve 
determined using the ABAQUS finite element package. To facilitate the analytical and numerical 
computations the foam material was assumed to be isotropic and homogeneous. However, it 
was recognised that due to the method of placement of the foam in the box beam section, its 
density varied thus causing it to be quasi-isotropic and non-homogeneous.
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4 . 5 . 4  Experimental testing of the foamed and voided planks
A flexural test was performed on a foamed and an unfoamed 450 mm long ACCS plank under a 
three point load condition. The primary purpose of this test was firstly, to ascertain the flexural 
stiffening effect, if any, that the foam may have had on the system and also the strain levels at 
which wrinkling could initiate and secondly, to provide an experimental verification of the 
numerical model of the sandwich/stiffened panel. To prevent crushing of the FRP material 
during the load test a 120 mm wide softwood bearing support was positioned between the load 
application point and the ACCS plank. The load was applied, at 10 kN per minute, to each 
panel via a 100 kN capacity Dennison testing machine. Six strain gauge rosettes were placed at 
strategic locations on the tension and compression flanges of each panel. Strains were logged 
using an Orion datalogger. The dimensions of the panels, positions of the gauge rosettes and 
the test set up are shown in Figure 4.22. The close proximity of the gauges allowed any 
wrinkling in the cell walls of the ACCS panels to be detected.
4 . 5 . 5  Analytical analyses of the foamed and voided planks
Ideally the foamed plank should be analysed analytically as a corrugated core type sandwich 
beam [Allen, 1969] since the internal ribs make the longitudinal shear stiffness in the direction 
of the ribs, D qx, much great than the transverse shear stiffness perpendicular to the ribs, Dqy. 
Because the exact analytical analyses of corrugated panels involve intricate computations, by 
hand or by spreadsheet a much simplified lower bound, but safe, solution is achieved by 
ignoring the effect of corrugations; however these effects are accounted for in the finite element 
model.
The rigidity matrices have been derived from the mechanical properties derived for the 
composite and epoxy foam components (see Chapter 3 and Section 4.5.3, respectively) and the 
plank dimensions given are in Figure 4.1. The relatively low modulus foam has little effect on 
the axial or flexural performance of the panel. The analysis, utilising the general equations for 
laminated plates [Bicos and Springer, 1986], considered the case where the corrugations were 
not present. The equations used are shown below; the definitions of the notation used is given 
at the beginning of the thesis.
Aij — 2  (Zk_zk-l)[Q]k ••• 4.3
Bij = -0.52 ( z k 2 - z k . ! 2 ) [ Q ] k  . . .4.4
D ij  = 0.332 ( z k3 - Zk_ ! 3 ) [ Q ] k ... 4.5
4 . 5 . 6  Numerical modelling of the foamed and voided panels
Prior to performing the numerical analyses certain assumptions [Heinisuo, 1987] were made :
(i) strain compatibility between the FRP and foam core during loading,
(ii) the slip-rule for the foam material is linear-elastic and can only resist shear,
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(iii) the lateral displacements of the layers are equal in every cross section of the 
plank, this limitation excludes any type of local buckling occurring in the 
plank.
Numerical models of the foamed and unfoamed ACCS planks used in the experimental flexural 
tests were developed. Due to symmetry it was sufficient to model one quarter of the composite 
plank. The geometry of FRP was described using 132 eight noded isoparametric thin shell 
elements. The mesh developed for the voided ACCS plank is shown in Figure 4.23. In the 
foamed model, the structural epoxy foam was modelled using 84 twenty noded reduced 
integration hexagonal brick elements.
The free edge nodes of the foam elements were equivalenced to adjacent nodes on the FRP 
mesh, this alleviated the requirement of using multi point constraints to connect the shell 
element mesh to the hexagonal element mesh. The mesh developed for the foamed plank is 
shown in Figure 4.24. Ideally the foam should be modelled numerically as a hyperelastic foam 
(large compressive strain theory) material. To create such a model would necessitate tensile and 
compressive axial, triaxial and shear tests on the foam samples, consequently, the foam was 
modelled as an elasto-plastic material which had zero strain capacity in tension. A finite element 
model of the cylindrical foam samples tested incorporating the elasto-plastic material model 
verifies that the numerical trace is in good agreement with both the experimental data and with 
the analytical curve, see Figure 4.21. In order to emulate the experimental tests on the panels 
the softwood strip was modelled using seven twenty noded hexagonal brick elements with the 
material properties equivalent to a Trada grade 2 softwood [Trada, 1986]. The softwood was 
connected to the FRP using slider multi point constraints. The softwood mesh is shown in 
Figures 4.23 and 4.24. As in the experimental test both planks were simply supported on the 
lower flanges.
To load both models a 1 kN line load was applied to the softwood along the top edge of its y-z 
symmetrical plane. This load was increased, using automatic incrementation, to a maximum 
value of 100 kN using the Riks load proportionality algorithm. Non linear geometry was 
adopted and as a consequence at each increment of load the stiffness matrix was updated. A 
bifurcation buckling analysis was performed to determine if wrinkling initiated in either system.
A series of numerical models were developed to investigate the buckling behaviour of the 
foamed plank, of varying aspect ratio and subjected to in-plane normal pressure. Also two 
numerical models were developed to compare the stress distribution and crushing effects of the 
foamed and voided planks in accordance with the HA concentrated wheel loading criteria 
[Department of Transport, 1989].
4.5.7 Comparison of the numerical and experimental flexural test results 
A comparison of the experimental and numerical flexural test results, up to 60 kN, at the 
location of the strain gauge rosette B, as shown in Figure 4.22, for the foamed and the voided 
planks is shown in Figures 4.25 and 4.26. Experimentally both graphs indicate, as was shown
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analytically in Section 4.5.5, that the low modulus foam material has a negligible effect on the 
flexural rigidity of the foamed plank.
The numerical results are in good agreement with the experimental ones. No indications of 
wrinkling are apparent from the results of the foamed plank. However, an anomaly in the 
compression flange of the voided plank was detected at rosette locations B and E. The cause is 
not due to wrinkling but is attributed to the internal transverse hogging moments developed in 
the top of each voided cell which is resisting the pressure of the softwood and trying to indent 
it, as the load is applied; it is important to note that rosettes B and E are located at the mid span 
of the central cell of the ACCS plank and will, therefore, be affected by any local bending of the 
cell walls. This phenomena could not occur in the foamed plank since the foam prevented any 
out of plane movement of the cell walls. The mesh in the numerical analysis was not fine 
enough in this region to detect the local behaviour.
The voided plank failed at a load of 82 kN; intercellular buckling just pre-empted crushing and 
delamination at the cell wall intersections. The foamed plank was loaded to 60 kN but did not 
fail.
4.5.8 Buckling behaviour and diaphragm locations in the box beam webs 
The results of the numerical analyses investigating the buckling behaviour of foamed and 
voided planks with varying aspect ratios are shown in Figure 4.27. In these analyses the finite 
element sizes and material properties of the foamed and voided planks were equivalent to those 
used for the flexural analysis, see Section 4.5.6, however, the loading and boundary conditions 
were different. A uniform pressure was applied in plane along one edge of a minor axis of the 
foamed and voided planks. This pressure represented the uniformly distributed load (UDL) 
which was transferred from the flange to the webs of the bridge section. The edge pressure due 
to the UDL was the same for each plank length analysed, hence, a parametric study of various 
plank lengths gave the optimal locations for diaphragms in the box structure. Shear stresses at 
the flange/web junction on the bridge superstructure were ignored. The other minor axis edge 
of the panel was either fixed or simply supported; these connections throughout the bridge 
structure are semi rigid. The edges of the major axis of the panels were simply supported; this 
emulated the 'rocker' type connection between the diaphragms and the webs in the bridge 
superstructure.
When considering the foamed planks the decay in the rate of change of critical buckling with 
respect to aspect ratio initiates at an aspect ratio of 3 and a minimum critical buckling stress level 
(simply supported case) of 5 MPa, see Figure 4.27. The latter critical buckling stress is 
associated with a minimum factor of safety of 1.8 against buckling if the bridge structure had to 
sustain the maximum permitted bridge loading from a forty five tonne truck. As the depth of the 
panel is 603 mm the optimal length between diaphragms should then be 1800 mm. Comparison 
of the numerical traces determined for the foamed and voided ACCS panels shown in Figure 
4.27 indicate the overwhelming improvement in the buckling characteristics when the ACCS 
panel is foam filled. Numerically the buckling modes determined were the crimping and the 
Euler type for the simply supported and the fixed edge foamed planks, respectively. Crimping
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buckling modes were obtained for the simply supported and the fixed edge voided planks.
4 . 5 . 9  Stress distribution characteristics of the foamed and voided planks
Numerical models of the foamed and voided planks with an optimum aspect ratio of three, see 
Section 4.5.8, was developed to analyse the effect of the foam on the stress distribution 
characteristic of the planks. The material properties, element sizes and element topologies used 
were identical to those described in Section 4.5.6. The foamed and voided numerical models 
comprised a total of 609 and 462 finite elements, respectively.
The tyre pressure from the wheel of a ten tonne truck was simulated numerically at the centre of 
both types of plank. The longitudinal edges of the planks were simply supported. Diaphragm 
rocker supports were placed transversely at 1.8 metre intervals on the lower flanges of the 
planks. As the numerical models were small and for reasons of clarity in the graphics plank 
symmetry was ignored.
Figures 4.28 and 4.29 show the Von Mises stress distribution, loading described in the 
previous paragraph, on the upper surfaces of both planks. The invariant Von Mises stress 
resultants represent the overall state of stress in the planks by relating the orthogonal inplane 
normal and shear stresses. By comparing Figures 4.28 and 4.29 it is obvious from the flatter 
surface that the foamed plank distributes the stress more effectively than the voided plank.
The large stress concentrations at the diaphragms of the voided plank indicate that the creep and 
fatigue effects should be addressed. The stress distribution over the diaphragms of the foamed 
plank is virtually uniform and thus should present no major problems in the detailed design of 
the bridge superstructure. The large stress generated directly beneath the wheel load of the 
voided plank confirms that this type of system is unsuitable for use in the vicinity of the 
running surface of the bridge deck. In contrast the foamed plank performed well. The foam 
behaved as an energy transferring medium which distributed approximately 60% of the stress 
away from the immediate region of application of load, see Figure 4.28 and 4.29.
4 . 5 . 1 0  Local buckling and crushing behaviour of the foamed and voided 
planks
Plain strain numerical models of the foamed and voided planks were developed and were used 
to compare the effect that a ten unit HB vehicle wheel load would have on the local buckling 
characteristics and failure mode of each plank; the models were composed of 15288 and 3132 
elements, respectively. Eight noded reduced integration quadratic and six noded tetrahedron 
elements were used to model the ACCS panel and the foam; the FRP and foam materials were 
analysed as non linear, see Figures 3.3 and 4.21. FRP material failure was predicted 
numerically using the Tsai Hill failure criteria and the failure stresses required to define the Tsai 
Hill envelope were determined experimentally, as shown in Section 3.2.7. The nodes on both 
of the shorter edges of the planks were pinned. The 10 unit HB wheel load was represented by 
a 300 mm wide uniform pressure of 1.1 MPa per unit depth which was applied at the centre of 
the panel. A load proportionality using non linear geometric properties incorporating the Tsai
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Hill failure criterion and calculating the bifurcation buckling modes was carried out on both 
panels.
The numerical results for the voided plank indicated that a tensile failure occurred, at a pressure 
of 0.8 MPa, in the cell wall connections directly beneath the region where the pressure was 
applied. The numerical results for the foamed plank indicated that the panel could safely sustain 
the ten unit HB wheel load. The foamed plank failed in buckling at a pressure of 8.6 MPa 
which gave a factor of safety of over seven. The buckled mesh of the voided plank is shown in 
Figure 4.30
4.5.11 Comparison of the results of the voided and foamed planks
The material properties of the FRP and foam constituents of the planks were determined 
independently by experiment. These values were used to formulate the rigidity matrix of the 
foamed and voided planks. Analytically it was shown that the foam did not enhance the axial or 
flexural rigidity of the foamed plank. An experimental flexural test was performed on each 
plank; the results indicated that the foam had a negligible effect on the flexural stiffening of the 
FRP system. In addition a numerical model of the flexural test was developed, these results 
were in good agreement with those of the experimental tests thus verifying the numerical 
model. Buckling analyses of various lengths of foamed plank, which simulated the webs of the 
bridge structure, indicated that the optimal spacing of the diaphragms, given that the bridge 
structure is to sustain full HB bridge loading, should be 1.8 meters. A comparison of the 
crushing and stress distribution behaviours of the foamed and unfoamed planks indicated that 
the former system was more efficient. The results of analyses into the local buckling 
characteristics of the plank indicated that the failure load of the foamed plank was over seven 
times that of the voided plank.
4 .6  Observations
Experimental testing of three prototype FRP structures have conclusively proved the suitability 
of the material for use in Highway structures. All the tests performed on the prototypes, short 
term, long term and vibrational, showed that they could adequately sustain the loading criteria 
set out in the British bridge loading standard, [Department of Transport, 1989].
However, some aspects of the performance of the prototypes, although not detrimental, needed 
to be addressed. These aspects include compressive crushing over the supports under long term 
loading conditions, shear slippage at the web junction interface, discolouration due to exposure 
to natural ultra violet radiation. All of the above faults were remedied. Crushing was eliminated 
by the introduction of an epoxy foam component, shear slippage was prevented by introducing 
steel dowel pins and discolouration was curtailed by recommending the introduction of a 
suitable stabiliser in the matrix.
An accurate prediction of the short term response of the prototype structures was achieved 
using numerical techniques.
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Plate 4.1 : Experimental long term testing of two eighteen meter advanced fibre
reinforced composite box beams in the natural environment
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Property Units Value used
I xx plank mm4 6.9 x 106
Ac/s plank mm2' 5550
I box beam m4 0.0056
Ac/s box beam m2 0.056
Density kg/m2 1850
Diffusivityiong mm2/s 18 x 10"7
Diffusivitytrans mm2/s 30.0 x 10“7
Vf by mass - 0.68
Table 4.1 : Geometrical and inservice properties of the box beam
Time Flexural rigidity Central deflection
(weeks) (Nm /m width) (mm)
0 95.3 x 106 16.25
10 9.20 x 106 18.93
19 93.8 x 106 20.10
Table 4.2 : The stiffness and deflection values of the beam at
intervals during the environmental test
Mode
number
Experimental
frequency
(Hz)
Numerical
Frequency
(Hz)
% experimental 
damping
Phase 
angle (°)
Mode
shape
1 11.22 10.4 0.746 92 Flexural
2 15.21 14.7 1.389 90 Torsional
3 21.74 19.3 1.34 90 Torsional
Table 4.3 : Experimental and numerical vibrational results
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Figure 4.1 : Dimensions of an ACCS panel
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Figure 4.2 : Overall dimensions of the footbridge superstructure
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Figure 4.3 : Test arrangement of the footbridge superstructures in the natun 
environment
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Figure 4.4 : Locations of the precise levelling (PL), demec (DM) and vibrating 
wire (VW) measurement locations on the footbridge superstructure
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Figure 4.7 : Ambient temperature history in the vicinity of the footbridge 
superstructures over the nine month test period
600 
500 
400 
300 
200 
100 
0
0 20 40 60 80 100
Relative humidity(%)
Figure 4.8 : Relative humidity history in the vicinity of the footbridge 
superstructures over the nine month test period
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Figure 4.9 : Rigs used to determine the creep rupture response of the material in 
the natural environment
Note : three of these rigs were modified for the laboratory thermal 
creep tests on the composite material, see Figure 3.13
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Figure 4.10 : Creep rupture response of the material in the 0° off axis fibre 
direction the natural environment
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Figure 4.12 : Short term experimental and numerical strain at the centre of the 
footbridge superstructures.
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Figure 4.13 : Static test set up of the 12m box beam (dimensions mm)
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Figure 4.14 : Positioning of ER gauges on the 12m box beam
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Figure 4.15 : Numerical model and deformations at ultim load of the 12m 
box beam
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Figure 4.17 : Comparison of the experimental and numerical deflections at the 
ends of the beam
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F igu re 4.18 : Experimental and numerical strains on the tension flange
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Figure 4.19 : Experimental and numerical strains on the compression flange
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Figure 4.25 i Comparison of the numerical and experimental surface strains on 
the top flange of the foamed and unfoamed planks.
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Figure 4.26 : Comparison of the numerical and experimental surface strains on 
the bottom flange of the foamed and unfoamed planks.
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Chapter 5 I Laboratory and on site testing of an AFRC
road bridge superstructure
5 . 1 In troduction
The objectives of this chapter are to unify the numerical material behaviour characterisation 
routine, developed in Chapter 3, for utilisation in the finite element analysis. The verification 
will be made against the testing of an experimental prototype bridge and laboratory part sections 
of the bridge manufactured from the Maunsell ACCS plank in which some of the cells of the 
planks were filled with foam.
In addition, a further aim is to understand the stress distribution in particular foam filled cells of 
the ACCS planks forming part of the box section structure under inplane and out-of-plane 
loads. These loads were developed from a stationary concentrated wheel load on the running 
surface of the bridge.
Concurrently with the laboratory tests on the section of the superstructure a full scale load test 
was undertaken to measure the deflection of the Bonds Mill bridge due to the passage of a 17 
tonne vehicle over it. In addition, a condition survey was carried out on this bridge.
Fatigue tests, designed to emulate the passage of the wheel of a HA vehicle, were undertaken 
on two 500 mm length ACCS planks; one was foam filled within the cells of the plank, the 
other was not filled. These planks were identical to those discussed in Section 4.5.
5. 2 Experim ental Technique
5 .2 .1  Condition of the Box Section
The dimensions of the box section and the associated fibre reinforced composite (AFRC) 
components, delivered by CU bridges to the University of Surrey, are given in Appendix 5-A. 
These dimensions were used in all numerical analyses of the box section.
A condition survey was carried out on the beam shortly after it arrived at the University of 
Surrey; the results are given in Appendix 5-B. The condition survey located areas of minor 
damage on the box section which might have influenced the test results, consequently, holed
areas of the box section were filled with plastic padding1, cracked and delaminated areas were
smeared with adhesives. The survey indicated that the optimum position, of the electrical 
resistance strain gauges on the compressive flange during future testing of the beam, was on the 
south east quadrant of the box section, and these have been shown in Appendix 5-B.
1 Plastic padding LTD, Bucks, UK
2 CIBA Ardilite2015
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5 .2 .2  P reparation  of the Box Beam fo r Testing
The upper flange of the box section consisted of two ACCS planks. The ACCS planks were 
arranged such that their major fibre axes were orthogonal to each other; the transverse and 
longitudinal planks denote that the principal fibre direction is perpendicular and parallel, 
respectively, to the longitudinal axes of the box section.
The transverse planks were bonded to the top flange of the box section using a CIBA polymers 
adhesive*; the adhesive beading pattern adopted to bond the planks to the box section is shown 
in Appendix 5-C. Immediately the transverse spanning planks were positioned and bonded, 
100 mm lengths of ‘dog bone’ pultrusions were inserted into each end of adjacent planks; the 
‘dog bone’ pultrusions helped minimise lateral movements during assembly and curing. Figure
5.1 and Plate 5.1 show the final test set-up.
The box structure was supported at its extreme ends on two soft wood strips of dimensions 
180 mm x 40 mm thick in series with 203 x 133 x 25 Gr 43 universal steel beams these were 
positioned beneath the two diaphragms in the box beam. One of the seatings of each of the two 
sets of rockers used in conjunction with each steel beam was welded to these beams and the 
base seatings of the rockers rested on the concrete floor of the laboratory; this support set up is 
shown in Figure 5.1.
To improve the local stress distribution characteristics and to enhance the local buckling 
capacity of the system, thus enabling a HA concentrated wheel load to be supported by the 
structure, some cells of the box section were foam filled; Figure 5.1 shows a section of the box 
beam and those cells which were foam filled. The foaming of the cells of the box section was 
carried out at the University of Surrey by CIBA polymers using a two part epoxy foam and an 
activating agents. The foam was allowed to cure for one week. In addition to foaming the cells 
of the plank, samples of the foam were taken to determine their mechanical properties, as 
discussed in Section 4.5.3.
ACME wooden panels* which were pretreated with a primer and a finish coat of polyurethane 
polymer, were bolted onto the top face of the transverse ACCS planks. In practise these panels 
would act as the running surface of the composite road bridge. Appendix 5-D shows the 
dimensions, positions and locations of the recesses in the ACME panels which were cut to 
ensure that the electrical resistance strain gauges, which formed part of the instrumentation, and 
the cables to them were not in contact with the ACME panels. For the numerical analyses of the 
box section the panels are considered to behave inaccordance with a BS 5268 stress graded 
British softwood, [Trada, 1986].
An elastomeric bearing pad of 300 mm x 300 mm x 75 mm was used to apply a concentrated 
HA wheel loading to the structure, this pad was in series with a Gr 43 mild steel plate of 300 x 
300 x 25 mm, an Enerpac ram of maximum capacity of 150 kN, a load cell and a ball bearing; 
the whole reacted against a steel frame, see Figure 5.1.
3 Manufactured by CIBA UK
4 Supplied by AcmeFlooring
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The load was applied through an Enerpak manual jacking system. The gauges, transducers and 
the load cell were connected to a CIL data logger and an HP9000 series model 30 computer was 
linked to the CIL data logger via a HPiB lead. A HP-Basic programme was written to capture 
the electrical signals obtained from the CIL data logger at the required intervals.
5 .3  Instrum entation  used on the Box Section
5 .3 .1  E lectrical Resistance Strain  Gauges (ER)
The positioning, reference numbers and sizes of the electrical resistance strain gauges used in 
this test are shown in Appendix 5-E. The strain gauges were bonded to the top face of the 
transverse planks and the webs of the box beam. Recesses^ (15 mm wide by 5 mm high) were 
precut in the ACME wooden panels, which were attached to the box beam flanges, to ensure 
that the strain gauges were in contact only with the ACCS material. These recesses also allowed 
the unhindered passage of the wires from the strain gauge to the data logger. Twenty three 
electrical resistance strain gauges were bonded to the box section.
The radial strain gauge pattern on the upper face of the transverse planks forming the 
compression flange of the box beam, see Appendix 5- E, was chosen;
(a) to monitor experimentally the possible on-set of punching shear,
(b) to evaluate experimentally the strain resultants, generated from the HA wheel 
load, through three independent fibre angles,
(c) to produce an experimental strain data at three off axis fibre angles which 
would verify the accuracy of the numerical analyses.
The strain gauge positioning on the webs of the box was chosen;
(a) to monitor experimentally material non-linearities, warping and the possible 
buckling of webs (vertical strain gauges) ,
(b) to compare the experimental mechanical response of the internal and external 
webs,
(c) to determine experimentally the major axis flexural modulus and Poissons 
ratio for the ‘in-service’ structure,
(d) to produce experimental strain results which would verify the accuracy of the 
numerical analyses.
An electrical resistance strain gauge was bonded to the lower face of the longitudinal plank of 
the compression flange of the box beam. This gauge was located directly underneath gauge 
reference ER-F-00, as shown in Appendix 5-E. This additional gauge allowed ;
(a) the prediction of the load bearing angle,
(b) a comparison to be made between the experimental and numerical strains 
on the bottom surface of the upper flange.
5 Cut by AcmeFlooring
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5 .3 .2  C antilever Displacement T ransducers (CDT)
Cantilever displacement transducers6 were used to evaluate the induced displacements at 
various loads in the foam filled ACCS planks at full load and the recovery after removal of the 
load characteristics, and thence to obtain the characteristics of the viscoelastic foam. A sketch of 
the transducers, a description of how they operate and their calibration curves is given in 
Appendix 5-F. Appendix 5-G shows the location and reference numbers of the transducers 
used in the test.
The transducers are capable of measuring only one translational degree of freedom. Therefore, 
they were positioned directly beneath the loading pad where the displacement is essentially 
translational in the vertical plane and any rotation is negligible. Due to geometrical constraints of 
the planks, four of the transducers had to be placed adjacent to the loading pad. The stroke 
length of these transducers was reduced to ensure that the curvature caused by the deformation 
of the top flange at full load would not interfere with the movement of the displacement rods.
5 .3 .3  L inear Displacement T ransducers (LYDT)
The locations of the seven linear displacement transducers (LVDT) used in this test are given in 
Appendix 5-G together with their calibration curves. Five of the LVDTs were placed co-linearly 
on the top face of the ACME panels (running surface); three of these were placed directly above 
electrical resistance strain gauges, ie gauge references ER-F-00, ER-F-01 & ER-F-02. The 
LVDT transducers were placed along the major axis of the box section in order to monitor the 
displacement profile at various loads. Two horizontal LVDT gauges were placed on the 
compression flange of the box beam; one on the horizontal centre line of the longitudinal plank 
and the other on the horizontal centre line of the transverse plank and the relative movement 
between the longitudinal and transverse planks could then be obtained. In addition, the shear 
stress developed in the adhesive material, joining the planks, could be calculated.
5 .4  C haracterisation of the m aterials used in the test
5 .4 .1  Reason for m aterial characterisation
In order to predict accurately the response of the structure from an analytical and numerical 
perspective it is imperative to develop realistic models of the materials used. Essentially the box 
beam section is comprised of four materials; AFRC, foam, adhesive and wooden panels. In 
order to emulate and support the HA 100 kN load two other material types were required; an 
elastomeric pad and steel. By characterising the mechanical behaviour of each of the materials 
experimentally, justifiable analytical models can be developed. These material models can be 
incorporated into a finite element geometrical model of the test set up. Providing the 
geometrical, material and connectivity properties of the finite element model reflect those of the 
experimental test setup an accurate representation of structure should be achieved numerically.
The accuracy of the numerical model is determined by comparing it with the experimental 
results from the actual structure. If the comparison between the numerical and experimental
6 Designed and fabricated at the University of Surrey
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results for the box section are within a definable tolerance, 5%, then the stress/strain resultants 
at various unmonitored locations of the structure, including the ACME panel and AFRC foamed 
planks, can be determined with confidence. Consequently, a parameter study of various loading 
criteria on the structure can be developed and the position and number of the foam filled cells in 
the ACCS panels can be optimised.
This chapter discusses the individual material models developed analytically from experimental 
data and then used in the numerical analyses of the structure. In order to limit the effects of non­
homogeneity and environmental variables in the analytical and numerical analyses the following 
standardisations have been adopted:
(a) tests were conducted at 23°C,
(b) the relative humidity during each test was 50%,
(c) the initial tensile and compressive moduli are equal,
(d) hygrothermal effects were ignored,
(e) holes, cracks, delaminations and/or crazings on the structure 
were ignored,
(1) time dependent effect are not analysed numerically
5 .4 .2  AFRC characterisation
The description and mechanical behaviour of the composite material used in this box beam was 
discussed in Chapter 3. The numerical model utilised the user subroutine which was based on 
experimental tests performed on coupon samples of this material, as discussed in Section 3.3 
and shown in Appendix 3-C.
5 .4 .3  Epoxy foam  characterisation
Samples of the epoxy foam used to fill cells in the box beam section, were examined utilising 
specimens manufactured by foaming the epoxy /activating agent compound which was in a long 
cylindrical container. The experimental test method adopted and numerical results are contained 
in Section 4.5.4 and Figure 4.21, respectively.
5 .4 .4  Purpose of using an epoxy foam
The primary purpose of the foam in the box section is to act as a lateral support to the thin 
laminate of the ACCS planks; the foam provides a load path for the stress resultants (energy) to 
travel away from the point of application of the load. The volumetric deformation of the foam 
retards buckling and crushing of the cell walls. The resulting deformations below the 
compressive elastic limit of the foam have a time dependent recovery while those deformations 
above this limit are non recoverable.
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5.5  A d hesive ch aracterisation
5 .5 .1  Type of adhesive in the compression flange
The Ardilite 20157 adhesive was used as a shear connection between the transverse and 
longitudinal planks which comprise the compression flange of the box section. A manual 
injection gun system8 was used to lay a pattern of adhesive bead lines on the longitudinal 
planks, see Appendix 5-C; the transverse planks were then placed on the longitudinal ones. 
Weights were placed on these latter planks to ensure that the adhesive bead lines were 
adequately and uniformly compacted to a thin layer. The weights remained on the box for 
twenty four hours so that the adhesive could cure.
5 .5 .2  M echanical properties of the adhesive
No characterisation tests were carried out at the University of Surrey on the Ardilite 2015 
adhesive, however lap shear tests were performed on a similar adhesive XB5308/53097 , at the 
University of Surrey and CIBA U.K. laboratories, Duxford, [Hollaway and Lee, 1992]. The 
results of the tests, undertaken in an environment of 23°C and 55% RH indicate that the lap 
shear strength of the XB5308/5309 adhesive was 13 MPa with a standard deviation of 1.1 
MPa. This value is representative of all chloreamonia based adhesives, [Mays and Hutchinson, 
1992]. Therefore the in-plane shear strength of the Ardilite 2015 adhesive used for these tests 
was taken as 13 MPa.
5 .5 .3  Analysis of the in-plane shear capacity {force} of the bead p a tte rn  
The calculated ultimate in-plane shear force in the longitudinal and transverse directions for the 
adhesive beading pattern are 1810 kN and 3276 kN, respectively. The calculations are shown 
below and the number of beads and their corresponding lengths in each direction is shown in 
Appendix 5-C.
5 .5 .3 .1  Geom etry of the adhesive beads
(a) diameter of bead ~ 5 mm, therefore the C/S area of bead «  20 mm2,
(b) the bead lines are between 10 mm and 15 mm away from the free edges of 
the transverse planks.
5 .5 .3 .2  Assum ptions
(a) the adhesive layer between the longitudinal and the transverse planks after 
compaction is 1 mm thick, consequently the cross-sectional area of the 
compacted bead is approximately 20 mm2,
(b) the lap shear strength of the XB5308/5309 CIBA adhesive is approximately 
13 MPa,
(c) only bead lines whose direction is in the sense of the analysis will be 
considered.
7 developed and manufactured by CIBA U.K.
8 developed by CIBA U.K.
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5 .5 .3 .3  Longitudinal in-plane shear capacity
Length of adhesive used ~ 580 x 4 x 3 « 6960 mm
Ultimate in-plane shear force allowable a  6960 x 20 x 1 x 13 = 1810 kN
5 .5 .3 .4  Transverse in-plane shear capacity 
Length of adhesive used a  2100 x 6 a  12600 mm
Ultimate in-plane shear force allowable a  12600 x 20 x 1 x 13 = 3276 kN
5 .5 .4  N um erical modelling of the adhesive beading
The adhesive beading was modelled as a soft 1.5 mm thick interface between the longitudinal 
and transverse compression flange ACCS planks. The bond surface option was used with the 
interface elements such that the release (ie load dependent bond damage) could be modelled. 
The surface contact option was also used, this allows friction to be developed between the 
transverse and longitudinal planks if the interface gap clearance is reduced to zero. The actual 
adhesive beading pattern is shown in Appendix 5-C.
5 .6  Wood characterisation
5 .6 .1  The AcmefSooring panels
5 .6 .1 .1  Reason fo r placing the Acmefiooring (ACME)panels on the \
laboratory  structure
The main purpose of the Acmefiooring panels on the prototype was to provide a running i 
surface which was both tough and durable for vehicular traffic and to span between the webs of j  
the transverse planks. A secondary effect of these panels was to enhance the local bearing j 
capacity of the structure due to the passage of concentrated wheel loads. The Acmefiooring j 
panels were placed9 on the box section tested in the laboratory at the University of Surrey to / 
include this secondary effect. '
5 .6 .1 .2  Description of ACME panels used
The ACME panels were made from 1.5 mm thick finished Birch laminae arranged 
consecutively such that the grain direction was at 0° and 90° relative to the longitudinal axis of 
the box beam; the overall thickness of the panels was 18 mm. Each panel was painted with 
Trimite Plastilac AE245 two pack polyurethane finish on a Trimite Plastilac AP221 two pack 
primer. The panels were connected to the top flange of the box section using six 100 mm bolts. 
The gap clearance, of 3 mm, between panels was filled with an elastomeric material.
5 .6 .1 .3  ACME panel m aterial properties
The panels were fabricated from plies of hardwood which were glued together to the required 
25 mm thickness and were classified as a Trada Grade 5 hard plywood; they were considered to 
be isotropic. The flexural modulus and strength of the panels was 15 GPa and 200 MPa, 
respectively.
9 By ACME panels LTD, U.K.
121
5 .6 .1 .4  N um erical modelling of the Acme panels
Three dimensional brick elements were used to model the isotropic panel in the vicinity of the 
load application area. The material properties used are given in Section 5.9. The panel model 
was attached to the compression flange model using ABAQUS interface elements. These 
elements simulate the actual bolts used in the structure.
5 .6 .2  The softwood packing under the composite box beam
5 .6 .2 .1  Softwood packing detail
2130 mm x 180 mm x 40 mm deal softwood planks were used as bearing pads over the 
universal steel reaction beams as shown in Figure 5.1.
5 .6 .2 .2  G rading  of the softwood
The softwood was graded as an orthotropic deal softwood Grade 3 in accordance with the 
Trada specifications, {Trada, 1986].
5 .6 .2 .3  N um erical modelling of the softwood packing
The softwood model comprised of one layer of brick elements. The dimensions of the 
numerical softwood model are given in Section 5.9. The principal strength of the wood is taken 
along its grain. The softwood was connected to the tension flange of the numerical model of the 
box section using ABAQUS multi point constraint (MPC) number 5. This MPC zips the 
relevant nodes of the softwood and box structure numerical models together.
5 .7  Elastom eric pad characterisation
5 .7 .1  The elastomeric pad details
The 300 mm x 300 mm x 76 mm elastomeric pad simulated the effect of a pneumatic tyre on the 
box section. The plan area of the pad was as specified for HA concentrated loading, 
[Department of Transport, 1989]. The application of a 100 kN load would develop the required
1.1 MPa wheel loading stress.
5 .7 .2  Experim ental testing of the elastomeric pad
The elastomeric pad was loaded cyclically three times in a compression loading machine to 100 
kN to verify experimentally that it could sustain this load. The load deflection characteristics 
were recorded and from these the stress and strain values were computed; Figure 5.2 shows the 
experimental and FE results.
5 .7 .3  N um erical modelling of the elastomeric pad
Three dimensional reduced integration brick elements were used in conjunction with the 
ABAQUS plastic option to model the geometry and material of the pad. The stress strain trace, 
denoted FE -type 2 analysis in Figure 5.2, obtained from the numerical model was used in all 
analyses.
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The numerical models representing the elastomeric pad and ACME panel were connected at the 
relevant nodes using a combination of the ABAQUS MPC 5 {zip} and MPC 12 {slider}.
5 .8  Steel characterisation
5 .8 .1  Steel reaction fram e
Standard universal steel sections were used to built the reaction frame required to apply and 
earth the 100 kN load; similar sections were also used over the rockers at the box beam 
supports these are shown in Figure 5.1. The capacity of the reaction frame was determined 
using the QSE design package.
5 .8 .2  M aterial properties of the steel support members
The material properties for the steel were taken from the code of practise BS5950, [British 
standard, 1985]. The steel was considered to be isotropic with a modulus of elasticity, yield 
stress and Poissons ratio of 210 GPa, 275 MPa and 0.3, respectively.
5 .8 .3  Finite elem ent modelling of the steel support m em bers
Only the steel work supporting the box section was modelled. The steel was modelled as a 
series of thick shell elements arranged geometrically to form the universal beam shape. The 
steel rocker block underneath the universal beam support was modelled using solid elements. 
The material properties used are given in Section 5.10. The steel was connected to the softwood 
using the PATRAN coincidental node equivalence technique.
5 .9  Description of the num erical models
5 .9 .1  Reasons fo r developing num erical models
The complex geometry of the individual planks and AFRC/foam interaction meant that the only 
accurate and feasible way of analysing the overall behaviour of the structure was by using the 
finite element (FE) method. Three numerical models will be discussed in this section of the 
report. The models are :
(a) buckling behaviour of a single rib and a plank,
(b) short term behaviour of preliminary unfoamed and foamed box section,
(c) short and long term behaviour of a detailed model of the box section,
The models in item (a) checked the plank for buckling behaviour at the reaction beam when the 
structure was loaded to 100 kN. A non-linear plane strain analysis was undertaken.
The models of the box section and bridge superstructure were developed in stages from the unit 
building block described in item (b) to the final detailed models in item (c) in accordance with 
the NAFEMS [NAFEMS, 1989] standard. One quarter of box section, in plan, was modelled.
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5 .9 .2  Geom etric modelling of the box section
The geometric modelling parameters used were based on the actual dimensions of the box 
section, see Appendix 5-A. The geometric modelling parameters of the planks were based on 
the dimensions given in Appendix 5-A only one quarter of the box section was modelled. The 
boundary conditions along the axes of symmetry were identical to those for the one quarter 
symmetric model of the 12 metre beam, refer to Section 4.3.4.
5 .9 .4  M aterial models used in the FE analyses
The element types and material properties used in the various FE analyses are detailed in Table
5.1. The user defined material behaviour stiffness matrix, contained in Appendix 3-C, was 
used to analyse the AFRC material. Section 5.9 of this chapter contained a brief description of 
the individual material types used in the numerical models.
5 .9 .5  Optim isation of the FE analyses
In all numerical analyses the meshes were optimised by wavefront minimisation of the 
elements. Connectivity of the coincident nodes from the individual parts of the models; ie webs, 
flanges, diaphragms, etc; were equivalenced (equivalence of nodes is a technique used in 
preference to using ABAQUS ‘zip’ multi point constraints (MPC)). This minimised the use of 
MPCs thus keeping the band width of the stiffness matrix relatively small. The foam and shell 
elements had the same nodes; this generalisation is justified because the ratio of the thickness of 
the foam to the AFRC is over twenty five. Optimisation of the model was important because 
CPU times of twenty four hours duration were normal for the FE analyses of the box section 
model.
5 .9 .6  Reliability of the FE analyses
Continuity, connectivity, duplicate elements, free model edges, free model faces, element 
normals and Jacobian matrices of the models were checked in the P3/PATRAN preprocessor. 
Prior to submission for processing in ABAQUS 5.4 all elements of the mesh, where applicable, 
were verified to have adequate aspect ratios, skew angles and tapers. The shell elements were 
described in a local coordinate system, this allowed the orthotropic properties of these element 
to be orientated in the correct sense relative to the fibre direction, hence the longitudinal and 
transverse local orthotropic stiffness matrices of the planks were perpendicular to one another.
5 .9 .7  Types of FE analyses
5 .9 .7 .1  N um erical and experim ental investigation into buckling of p lank ribs
A plane strain non linear model of a single rib and plank was generated. This allowed an 
investigation to be performed to ensure that the ribs of the planks over the reaction points had 
adequate local buckling capacity when a 100 kN load was imposed upon the structure; it 
should be remembered that the majority of cells in the planks directly over the supports were 
not foam filled in the laboratory model although they were foam filled in the Bonds Mill lift 
bridge structure for a length of one metre, as shown in Figure 5.1. Considering the stress strain 
curve for the minor axes of the material (90° fibre direction), see Figure 3.3, it is likely that rib
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buckling in this region would occur before a direct compression failure; the results of the 
numerical analysis indicate that local rib buckling initiated in a plank, constrained in the same 
way as at the support point, when the reaction force reached 65 kN. When the laboratory model 
is under a 100 kN load each support beam develops a 50 kN reaction indicating that a factor of 
safety of 1.3 against buckling was attained. To verify this result experimentally, two ribs were 
cut from a plank and both were subjected to an increasing compressive load. They buckled 
giving an average factor of safety of 1.4 against buckling at the 100 kN wheel load.
The mesh, buckling mode and Von Mises stress resultants at buckling are shown in Figure 5.3. 
The common nodes of the triangular and quadrilateral elements used in the foamed rib model 
were equivalenced in the P3/PATRAN preprocessor.
5 .9 .7 .2  The unfoam ed and foam filled num erical models of the box section
Preliminary FE analyses of the box section were undertaken prior to the experimental laboratory 
testing. The aims of these analyses were to;
(a) ensure that the box section would comfortably withstand the simulated HA 
concentrated wheel load,
(b) investigate the magnitudes and directions of stresses, strains and deflected 
shapes which could be expected,
(c) determine the effect of the foam on the stress distribution within the system.
Two preliminary FE models of the box section were analysed; one in which the particular cells 
of the planks comprising the box beams were foam filled (FF) and the other in which no cells 
were foam filled (UF). In these FE analyses the ACME panel running surface, the steel 
supports, the rubber loading pad and the adhesive in the joints were not modelled; the foam was 
modelled as an isotropic visco-elastic material in compression.
Figures 5.4 and 5.5 show the meshes, deformation contours and deformation magnitudes for 
the UF and FF models, respectively, due to the application of a concentrated HA load. It is 
evident that when comparing the UF and FF models the foam provides stiffness and lateral 
support to the ribs of the ACCS planks. It can be seen from these preliminary models that the 
foam reduces the deformations by 400%.
5 .9 .7 .3  P rincipal differences between the modelling of the FF pre lim inary  
and detailed  systems
In the detailed FE model all the ACME panel running surface, the steel supports, the rubber 
loading pad and the adhesive at the joints were considered. The foam in the detailed FE model 
was an isotropic visco-elastic/plastic material in compression, it was unable to sustain any strain 
in tension and showed swelling/bulk recovery characteristics upon removal of load. MPCs 
were used in the detailed model to enable attachment of the elastomeric loading pad and the steel 
supports to the ACME panels and ACCS planks, respectively. MPCs were not used in the 
preliminary FE models. The adhesive beading was modelled using bar elements in the
125
preliminary analyses but was modelled using interface elements in the detailed analyses. The 
bolts used to joint the ACME panel to the ACCS planks were modelled using interface elements 
in the detailed model whereas the panels were not modelled in the preliminary analyses.
5 .9 .7 .4  The detailed num erical model of the box section
The mesh and the deformed shape at a 100 kN load for the detailed numerical model are shown
in Figure 5.6. The load was applied in increments as a normal pressure from 0 MPa to 27.7 
MPa on the top surface of the steel bearing pad, as shown in Figure 5.1 and Plate 5.1; the 
maximum applied pressure, 27.7 MPa, represented the 100 kN load concentrated wheel load.
All analyses on the box section were geometrically and materially non linear. The Riks 
algorithm was used to evaluate the load increment necessary for convergence and the creep 
analyses of the box section used the linear Nadai theory. Linear time dependent theory was 
chosen primarily because the stress levels induced in the structure at maximum load were low 
relative to the ultimate strengths of the various materials in the box section and non linear 
equations would be unnecessarily complicated for design purposes.
Considering Figure 5.5 it can be seen that because of the stiffness in the global x-x direction the 
distribution of the 100 kN wheel load through the elastomeric pad is greater in this direction 
than in the 0° off axis fibre direction of the transverse plank (ie the global y-y direction). The 
figure also indicates that there is composite action between the transverse and the longitudinal 
planks of the box beam.
5 .1 0  Experim ental and num erical results
5 .1 0 .1  In troduction
The results of the experimental tests and numerical analyses performed on the box section are 
detailed and described in this section of the chapter; a comparison of the experimental results 
with those of the detailed numerical ones are also given.
A detailed description of the experimental setup is given in Section 5.2 and shown in Figure
5.1. and Plate 5.1. A detailed description of the devices used to monitor the behaviour of the 
box beam are given in Section 5.3. The reference notation identifying each ER, CDT, and 
LVDT gauge is given in Appendices 5-E, 5-F and 5-G, respectively.
5 .1 0 .2  Tests perform ed on the box beam section
Four independent experimental tests were performed on the box beam section. The objective of 
these tests was to emulate and monitor the effects of a concentrated wheel load on the bridge /  
superstructure and provide experimental validation of the numerical model developed. The tests 
performed w ere:
Test 1 : an incremental application of HA concentrated loading,
Test 2 : Static loading and unloading of the box section 
Test 3 : creep and subsequent recovery of the box section and
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Test 4 : a test to failure of the box section.
5 .1 0 .3  Test 1 Increm ental application of HA concentrated loading
The box section was loaded from 0 kN to 100 kN in increments of 25 kN and then unloaded to 
0 kN; the Enpak loading ram was paused, for thirty seconds, during each load increment. The 
first half of this pause allowed the box section and the instrumentation attached to it to settle 
whilst the latter half of the pause was required for data acquisition, as discussed in Section 5.3. 
The average rate of loading was approximately 5.0 kN per minute. This section will discuss the 
experimental and numerical strains in the AFRC material during test number 1.
Figure 5.7 compares the experimental and numerical strains obtained on the top of the 
compression flange of the transverse ACCS plank in the 90° off-axis fibre direction. This figure 
indicates that the maximum recorded experimental strain in the 90° off axis fibre direction is 
0.00018 strain in tension. This corresponds to a 90° off axis stress level in the AFRC just 
below 5 MPa (approximately 8.3% UTS), this can be seen in Figure 3.3. The undulating trend 
of the experimental response is attributed to the relaxation effects which occurred in the box 
section when the load was held constant for a period of thirty seconds; visco-elastic effects tend 
to dominate the material response in the 90° off-axis fibre direction. Generally the experimental 
results describe a linear path. As the visco-elastic nature of the material was not considered in 
the finite elements (FE) analyses the resulting numerical trace is linear. The FE contours shown 
in Figure 5.8 indicate that the compression strain resultants along the line of gauges ER-F-00, 
ER-F-01 and ER-F-02 extend only 175 mm from the box beam centre, the result explains the 
reason for the experimental strains shown in Figure 5.7 to be positive.
Figure 5.9 compares the experimental and numerical strains obtained on the top of the 
compression flange of the transverse ACCS plank in the 0° off-axis fibre direction. Both the 
experimental and numerical results are seen to be in good agreement. Figure 5.10 shows the FE 
strain contours obtained along the ER-F-03, ER-F-04 and ER-F-05 gauge line. The webs of the 
box beam causes a transition from compression to tension between ER-F-03 and ER-F-04. The 
maximum recorded experimental strains in the 0° off axis fibre direction are 0.00028 and 
0.0004 strain in compression and tension, respectively. The experimental results describe a 
lineai' path, visco-elastic effects do not dominate the material response in this fibre orientation.
Figure 5.11 compares the experimental and numerical strains obtained on the top of the 
transverse ACCS plank of the box beam in the 45° off-axis fibre direction. The curved path 
described by ER-F-06 is attributed to the fact that this gauge was positioned between two cells 
of a plank. As the load increased, the strain in the cell nearest to the load became progressively 
larger than that in the adjacent cell; since ER-F-06 traversed both cells an averaged response 
between the two cells was obtained. The numerical traces shown in Figure 5.11 were obtained 
using the multiple angle transformation method discussed in Section 3.3.5. The maximum 
stress achieved experimentally in the 45° fibre direction was 6 MPa. The responses of gauges 
ER-F-07 and ER-F-08 were linear up to the maximum applied load of 100 kN, indicating that 
visco-elastic effects are negligible when relatively low loads are sustained by the AFRC material
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in the 45° off axis direction.
Figure 5.12 compares the strain responses of two similar gauges denoted by ER-F-00; the two 
gauges are bonded to the opposite faces of the upper compression flange, one on the top of the 
transverse plank and the other on the bottom of the longitudinal plank immediately below and in 
the same orientation as the top one. By considering the experimental response shown in Figure
5.12 it can be seen that, between the loads of 4000 kg and 8100 kg, the gauge on the upper 
flange dips below the gauge on the lower one; the exact reason for this discontinuity is unclear. 
Figure 5.13 shows the FE contour plot of the strain in the global xx-direction of the material' 
along the ER-F-00, ER-F-01 and ER-F-02 gauge strip at full HA concentrated loading (see J 
Appendix 5-E for the positions of gauges). The ribs of the ACCS planks are not shown but the 
middle layer illustrated is the location at which the transverse plank is bonded to the longitudinal 
one. The lower FE layer is the under surface of the upper flange. It is evident from the plot that 
most of the HA concentrated load is redistributed and dissipated within the transverse ACCS 
plank of the upper flange.
Figure 5.14 shows the experimental load strain responses of the vertically orientated ER gauges 
on webs 1 and 4 of the box section, and is shown in Appendix 5-E. The corresponding 
numerical results are superimposed on this figure. A comparison of gauges ER-W-15 and ER- 
W-19 with gauges ER-W-00 and ER-W-10 shown in Figure 5.14 indicates that the former 
gauge set carries a relatively higher tensile strain than the latter gauge set. This is indicative of 
flexural behaviour, with the external of each web adopting, as expected, a convex curvature. 
Anomalies in the numerical and experimental comparison are due to the stochastic nature of the 
90° off axis fibre response. Stress levels in the external webs in the 90° off axis fibre direction 
are extremely low.
Figure 5.15 shows the experimental load strain responses of the vertically orientated ER gauges 
on webs 2 and 3 of the box section, and is illustrated in Appendix 5-E. The corresponding 
numerical results are superimposed on this figure; both webs carry the load axially. The 
experimental results indicate that both webs again are being displaced away from the centre of 
the box beam, this can be explained by an examination of the numerical results at the internal 
web, illustrated in Figure 5.16; which shows the deformed shape and strain contours at the 
centre of the internal web when the box section is subjected to full HA loading. The deformed 
shape indicates that the cells of the internal webs deform laterally and, the magnitude of this 
deformation is 0.7 mm at mid level and maxi mums of 0.87 mm and 0.48 mm at the top and 
bottom of the web respectively. It can be concluded that the slight deviation in the gauge 
readings is due to local deformation of the cells.
Figure 5.17 shows the experimental and numerical results obtained in the X-X global direction 
at locations ER-W-01 and ER-W-11. Both the experimental and numerical magnitudes are 
extremely low in value; these gauges are close to the neutral axis of the beam. As the span of 
the beam is small in value and the two gauges are mounted on the two outside webs of the box 
section, the magnitudes are likely to be small and will be mainly due to horizontal shear strain.
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The strain gauges were mounted slightly off the vertical centre line of the box beam.
Figure 5.18 shows the experimental and numerical results obtained in the X-X global direction 
at locations ER-W-03, ER-W-05, ER-W-06 and ER-W-09. The trend of the linear experimental 
tensile strain, which is obtained for all the ER gauges in this location, would indicate that the 
neutral axis for the inner webs is located above these gauges and is stationary.
Figures 5.19 to 5.21 show the numerical stresses in the ACCS planks at various off axis angles 
on elements of the box section when subjected to maximum HA concentrated loading.
Figure 5.19 gives the numerical stress contours in the Z-Z global direction in the webs of the 
box section under the pad load of 100 kN. The external web is at a stress level between 1.6 
MPa and -0.4 MPa and is illustrated in solid yellow. The stresses in the internal webs vary 
considerably from -12.6 MPa nearest to the point of application of load to 1.6 MPa at the 
opposite end of the web. It can be seen that the stress in this web is affected by the presence of 
the ACCS plank ribs and these cause a reduction in the stress levels at these positions. The 
stress distributes itself along the individual cells of the ACCS plank to the intersection of the 
diaphragm, the web and the lower flange, all of which are immediately above the support area.
Figure 5.20 shows the numerical stress contours in the X-X global direction in the longitudinal ^ C 
ACCS planks of the top flanges of the box beam. The compressive stresses in the upper flange 
of the central cell of the box section are distributed to the webs. The remaining areas of the 
upper flange have low values of either tensile or compressive stresses associated with them. 
High tensile stresses can be observed at the location of the intersection with the flange 
diaphragm in the central cell. This is to be expected as the diaphragm will resist the flexural 
load imposed upon it from the HA concentrated load, consequently, it will place the upper 
flange, which is in the region of the diaphragm, in tension. The lower longitudinal flange 
exhibits a low magnitude tensile stress concentration directly beneath the point of application of 
load and the internal web. This behaviour is to be expected and shows that the combination of 
the ACME plank and the foam filling in the cells of the transverse and the longitudinal ACCS 
planks gives a good distribution of load in the global x-x direction.
Figure 5.21 shows the stresses in the Y-Y global direction in the top flange of the box beam at 
full HA concentrated load. The upper flange of the box beam has been numerically modelled 
with ACCS planks spanning in the global y-y direction (the transverse planks) and attached to 
the ACCS planks spanning in the global x-x direction (the longitudinal plank) with interface 
elements which represent the Ciba Polymers adhesive. The stresses in the lower ACCS plank 
are shown in more detail in Figure 5.20. Relatively high compressive stresses (approximately 
20% of the equivalent off axis fibre angle compressive UTS) are present in the transverse 
spanning planks in the vicinity of the load.
Figures 5.22 to 5.26 show the load displacement responses of the foam obtained from the 
cantilever displacement transducers (CDT) gauges; Appendix 5-F contains the technical details
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of the CDT gauges. Compression of the foam is indicated by a negative displacement whilst 
tension is indicated as a positive displacement.
Figure 5.22 shows the deformation of the top surface of the foam at various load levels; their 
locations are shown in Appendix 5-F. The maximum load shown corresponds to full HA 
concentrated loading. The displacement transducer CDT-01, which is directly in line with the 
Enpak ram, has the maximum displacement of -2.25 mm and indicates that the surface has two 
distinct stiffnesses as the load is increased; the initial stiffness in the lower load range has a 
lower value than that in the higher load range. The form of Figure 4.21 suggested that the \ 
structural system is linear up to 45 kN at which point a component within the system takes up j; 
or distributes load to produce another linear but stiffer structural system. It has already been | 
stated that the transverse and longitudinal ACCS planks were bonded together by beads of 
adhesive; the bead patterns are shown in Appendix 5-C. These bead patterns formed a series of 
line contacts throughout the plan area between the two ACCS planks. During the loading of the 
structure to 100 kN, the transverse planks deformed locally to make contact with the 
longitudinal planks at 45 kN and on subsequent load increments, the two planks deformed 
together thus causing an increase in stiffness of the box beam. In addition it is likely that the I 
transverse planks made surface contact with the longitudinal planks; this contact surface would 
have increased in plan area as the load increased beyond 45 kN. The average depth of the 
adhesive beads was approximately 1.4 mm and therefore the actual contraction of the two 
ACCS planks over their depth at the centre point of the box beam system is approximately equal 
to (2.25 - 1.4) mm viz. 0.85 mm. The displacement transducer CDT-07, which is located 150 
mm away from CDT-01 at the edge of the load pad, deforms by less than -0.5 mm and this 
would indicate that, at these positions, the transverse plank has not made contact with the 
longitudinal plank. The displacement transducer CDT-03, which is 86 mm from CDT-01 and 
located on the centre line of the load pad, deforms by -1.0 mm. Likewise, this result would 
indicate that the transverse plank at this position had not made contact with the longitudinal 
plank. It will be observed that the displacement transducer CDT-09 displaces upwards by 
almost 0.5 mm as the box structure sustains maximum load. This tensile component could be 
due to a local convex upward curvature of the top flange of the ACME and transverse ACCS 
planks as a result of the distribution of load in the relatively soft elastomeric pad. This curvature 
is suggested in the strain contour plots shown in Figure 5.7.
Figure 5,23 shows the responses of the CDT displacement gauges which monitored the foam 
at the middle of the cells of the transverse plank. The gauge CDT-02 displays two distinct 
rigidities associated with the structural system; an explanation for this has been given above. 
The maximum deformation of -1.25 mm and the influence of the two planks making contact at 
the position of CDT-01 is noted in this graph. By comparing the response of the adjacent 
transducers CDT-01 and CDT-02, it is apparent that, as would be expected, the foam has a 
greater strain in the top quarter of the cell of the plank compared with the remaining three 
quarters of its depth; this is also confirmed by the numerical result shown in Figure 5.27. The 
transducer CDT-10 exhibits an upward displacement of 0.25 mm which is indicative of the 
foam being in tension. The upward movement in this area of the pad is attributed to unequal
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bearing pressures in the elastomeric loading pad during the experiment. The responses of the 
gauges CDT-10, in Figure 5.24 and CDT-09 in Figure 5.22, which are adjacent to each other, 
are similar. The effect of this load pad distribution is noted in the numerical result illustrated in 
Figure 5.7.
Figure 5.24 shows the responses of the CDT-04 and CDT-08 gauges which were monitoring 
the foam at a level of 53 mm below the top surface of the transverse plank. Both gauges, 
although in different cells of the ACCS plank, have almost identical traces giving a maximum 
displacement of -0.6 mm. These graphs follow the pattern of the previously discussed effects 
noted in Figures 5.22 and 5.23 and indicate that the deformations of the foam at lower levels of 
the top flange of the box beam are small.
Figures 5.25 and 5.26 shows the responses of the CDT gauges which were monitoring the ! 
foam on the upper surface of the longitudinal ACCS plank of the top flange of the box beam. It I # \  
should be noted that the CDT gauges, CDT-05, CDT-06, CDT-11 and CDT-12, are positioned j 
outside the area of the loading pad for reasons explained in Section 5.3.2.
The response of CDT-06, shown in Figure 5.25, deforms downwards, however there is a 
discontinuity in the trace at a load of 45 kN. This discontinuity could be due to the collapse of a 
large void in the foam which may have been present in the region of this gauge. These voids 
were observed in other foam filled investigative ACCS specimens through which cuts were 
made at various cross-sections, to observe the foam at the conclusion of the tests. The 
displacement gauge CDT-11, shown in Figure 5.25, shows a linear response of the foam up to 
a maximum extension (tension) value of 0.14 mm.
The displacement gauge CDT-05, illustrated in Figure 5.26, initially shows an upwards 
deformation of the foam and then at a load of 65 kN a sudden discontinuity downward of - 
0.35 mm occurs. As CDT-06, see Figure 5.25, is in close proximity to CDT-05 it is clear that 
as both gauges give irregular readings there must be some fault in the foam material, however 
the magnitudes of deformation are very low in value. The results of gauge CDT-12, shown in 
Figure 5.26, shows a discontinuity in the displacement noted above.
Figure 5.27 is the finite element solution for the az stress (MPa) distribution of the foam inside 
the transverse and longitudinal planks of the upper flange of the box beam at the location of the 
HA concentrated pad load. The dimensions of the section shown are 320 mm and 280 mm in 
the global X-X and Y-Y directions, respectively. The separation between the foam in the 
transverse and longitudinal ACCS planks (the top flange of the box beam) is clearly seen in 
this figure. The centre of the loading pad is located at the upper comer of the foam nearest the 
viewer. The stress distribution is not evenly spread across the upper surface of the foam and as 
the FE representation was an exact model of the actual test setup, see Figure 5.1, it is clear that 
the ACME panel is deforming between the ACCS webs. It can be seen that the tensile numerical 
results compare well with those from the experimental gauges CDT-09 to CDT-12. The mesh is 
not refined sufficiently in this region to indicate displacements of the foam; the displacement is a
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nodal variable and there are insufficient nodes in this region to make a contour plot.
Figure 5.28 shows the oz stress (MPa) distribution in the foam used to fill the box section. The 
foam, which is away from the influence of the load application point, experiences very low 
stress values. The high stress gradients in the foam in the immediate vicinity of the loading 
region, are distributed along the cells of the ACCS planks; the stress then flows through the 
ACCS plank ribs to the box beam supports. With the exception of the region within the load 
application, the foam at the intersection between the inner web and the upper longitudinal 
flange, as shown in Figure 5.28, experiences a high stress gradient, although the stress values 
in this region are low.
Figures 5.29 to 5.31 contain the experimental and numerical deflection verses load results for 
various test load increments.
Figure 5.29 compares the experimental and numerical deflection profiles for the top surface of 
the box beam under various loads. The locations of the LVDT gauges are shown in Appendix 
5-G. It may be observed that the experimental deflections at the support, at which readings 
were taken, has a value of 6.5 mm when the system was under the 100 kN pad load and that 
relativ-©-to-the-support-the central deflection of the unit is 4.5 mm. It must be said that.the value 
of deflection of the support L very large in spite of the fact that at this position it is stiffened by 
diaphragnTs ahri~web^oLthe structure. Two possible reasons for this are, firstly, the bedding!]] ^  
down of the support material on which the structure sat, or secondly, a damaged area of the box i 
beam existed in the vicinity of the diaphragm. The former suggestion does not seem to be very 
probable as the reaction of the 50 kN load spread over 2.3 meters of support reaction beam 
gives a low unit force. The numerical analysis on the other hand predicts a maximum deflection 
of 10.5 mm relative to the deck at the support, but an acceptable deformation at the support
reaction. This is attributed to the fact that the coefficient of friction (p  = 0.2) at the interface 
between the longitudinal and transverse planks of the upper flange of the box section defined in 
the numerical model was less than that experienced in the experimental testA
Figure 5.30 shows the deformation responses of the individual LVDT deformation gauges on 
the flange of the box beam. Each of the results from the gauges describes two linear traces of 
differing slopes which intersect at 45 kN; this was noticed in the the CDT readings.
Figure 5.31 shows the horizontal deformation of the upper flange of the transverse plank and 
the upper flange of the longitudinal plank, both of which comprise the upper flange of the box 
beam. The difference between the two responses is due to the relative movement of the two 
layers which is a function of the deformation of the adhesive layer which bonds the two ACCS 
upper flange planks together. No relative movement occurred between the planks up to a load 
of 10 kN. Between loads of 10 kN and 60 kN the traces are linear but diverging, at a load of 
6000 kg the relative movement between the ACCS planks is 1.0 mm and for loads greater than 
6000 kg the rate of relative movement between the two ACCS planks increases slightly. The 
maximum relative movement of the transverse and longitudinal ACCS planks was 1.4 mm. The
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numerical analysis agrees with this trend but it should be remembered that it has been assumed, 
in the analysis, that there is complete composite action between these two components. It may 
be concluded that there is not complete composite action in the experimental model as the shear 
strain of the adhesive layer between the two components gives a greater relative displacement, 
in addition, the overall displacements are greater than those of the numerical values.
5 .1 0 .4  Test 2 : Static loading and  unloading of the box section 
The purpose of this test was to emulate the effects of the frequent passage of a HA concentrated 
wheel load over the box section; however, this test does represent an exceptional event in 
practise and would not have been possible at the Bonds Mill lift bridge. One simulation of 
the HA concentrated wheel load over the box section was represented by applying the 100 kN 
load through the elastomeric pad as an equivalent impulse, over a three second time span and 
subsequently monitoring the recovery of the box section every minute for a period of nine 
minutes. A total of seventeen simulated passes of the HA concentrated wheel load were applied 
to the box section. At the commencement of this test a total of twenty passes were going to be 
applied, however during the 16th and 17th simulated pass cracking noises were heard coming 
from inside the box section and it was thus decided to terminate this test to prevent serious 
damage to the box section.
Each simulation had a duration of only nine minutes, a detailed analysis of the ER and LVDT 
gauge recovery responses was not undertaken. Table 5.2 gives an indication of the strains 
immediately before the end of Test 1 and immediately after the end of Test 2 together with the 
percentage change in strain; these latter are measured relative to the initial readings for Test 1, 
consequently, the readings prior to Test 2 are non zero because full recovery from Test 1 had 
not been achieved. The sensitivity of the LVDT gauges was not sufficiently high to register 
residual deformations. The average experimentally applied impulse load was 103 kN with a 
standard deviation of 1.16 kN. The foam behaved plastically (cell wall crushing) when the 
compacted deformation was greater than 3 microns, this can be confirmed by referring to 
Figure 4.31; the deformation response of the foam, at low loads, was assumed to be identical in 
tension and compression.
Of particular interest was the performance of the foam filler during this test. Figures 5.32 to
5.43 show the deformation recovery characteristics of the foam throughout the seventeen 
passes. As with the ER gauges the zero setting of the CDT gauges was taken as the first reading 
from Test 1. Therefore residual deformations existed in the foam filler prior to Test 2; the 
magnitude of these residual deformations is shown on each CDT response graph. It is 
important to note that the graphs are plotted using the residual displacement as a relative zero.
Figure 4.32 shows the recovery response of CDT-01. The deformation recorded in this location 
was the most severe throughout the test. A 100 micron difference occurs between test 01 and 
test 17 at full load (zero minutes). After nine minutes recovery the residual deformation is -10 
microns and -130 microns for the assumed pass of the HA load tests 1 and 17, respectively. 
The shapes and locations of the recovery traces indicate that as the number of passes is
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increased the rate of deformation recovery and associated magnitude decreases; for instance the 
assumed pass of the HA load initiated -100 microns deformation and a recovery of 90 microns 
after nine minutes interval whereas test 17 initiated at -200 microns deformation and had 
recovered only 70 microns in the same time interval. After seventeen passes of the HA load the 
foam and ACCS planks did not reach a stable state and it may therefore be concluded that the 
magnitude of the residual stress in this system increased after each pass and consequently a 
limiting value for this deformation is not possible to ascertain.
Figure 5.33 shows the recovery response of the CDT-02. The maximum deformation at this 
location occurred during the simulated 14 passes of the HA load. The final deformation 
registered for the subsequent tests was less than that recorded for pass number 14; a possible 
explanation for this result is that the deformation of the foam was sufficient for its cell walls to 
crush. It should be noted that this effect was not registered by CDT-01 as this gauge was 
situated at the interface between the foam and the AFRC; when the cell walls of the foam 
buckled the AFRC continued to deform elastically but with an increased magnitude since 
CDT-01 gave ordered rational results. The initial deformations recorded for the simulated 09, 
10 and 11 passes were higher than those recorded during the simulated 14 passes, it is therefore 
prudent to assume that the cell wall buckling of the foam was dominating the behaviour of the 
foam between the simulated 09 to 13 passes. The curvatures of the traces shown in Figure 5.33 
indicate that the rate of recovery did not significantly reduce at this gauge location during the 
progression of the simulated passes.
Figure 5.34 gives the relationship between the deflection and recovery time for the CDT-03 and 
it will be seen that there is a -15 micron difference between the simulated 01 and 17 passes at 
full load (zero minutes). After nine minutes recovery the deformation is -3 microns and -18 
microns for the simulated 01 and 17 passes, respectively. It can therefore be seen that as the 
number of simulated passes of the HA loading increased the rates of deformation recovery of 
the foam remained virtually constant; that is a simulated 01 pass initiated at -40 microns had a 
37 microns recovery nine minutes later whereas pass of 17 initiated at -54 microns and had a 36 
microns recovery in the same time interval.
Figure 5.35 shows the recovery response of the CDT-04. A -13 micron difference occurs 
between the simulated number of HA load passes 01 and 17 at full load (zero minutes). After 
nine minutes recovery the deformation is -2 microns and -10 microns for simulated 01 and 17 
passes, respectively. In addition the deformation trace obtained for an simulated 14 passes is 
greater than that for an simulated 15, 16 and 17 passes, even although the applied impulse load 
for the former pass is less than those of the three latter passes; viz. 10250 kg, 10307 kg, 
10432 kg and 10496 kg for simulated 14,15,16 and 17 passes, respectively. The reason for the 
maximum deformation being achieved during the simulated 14 passes is attributed to cell wall 
crushing of the foam at this location.
Figure 5.36 shows the recovery response of the CDT-05. It is immediately apparent that the 
deformation of the foam in this location was very small, consequently, there is no visco-elastic
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recovery of the foam; it is in tension and has a permanent deformation of six microns at the 
simulated 17 pass. This gauge is located near to the concentrated HA wheel load, 172 mm north 
of the box section centre line and 120 mm below the upper surface of the top flange, and as the 
deformation is small it is suggested that most of the load is been carried by the walls of the 
ACCS planks in the global y-y direction and little is being distributed in the global x-x 
direction.
Figure 5.37 shows the recovery response of the CDT-06. The gauge initially displayed a 
residual deformation and this trend continued as the test proceeded. The resulting traces are 
erratic; the simulated 09 and 10 passes register an extension whereas simulated 11 and 14 
passes register a contraction and then the simulated 17 pass registers an extension again. The 
deformation magnitudes are so small that any scientific hypothesis to explain the behaviour 
would be meaningless. However, the low deformation trends do indicate that the previous 
observation made for CDT-05 is also relevant here.
Figure 5.38 shows the recovery response of CDT-07. A -6 micron difference occurs between 
the simulated 01 and 17 passes at full load (zero minutes). After nine minutes recovery the 
deformation is 0 microns and -6 microns for the simulated 01 and 17 passes, respectively. The 
slopes of the traces at each simulated pass are similar and this indicates that the rate of recoveiy 
of the foam at this location remains almost constant. A comparison of CDT-07, which is 
situated 150 mm west of CDT-01 and at the same level in the foam, indicates that a substantial 
portion of the load has been dissipated and transferred, over a relatively small distance, 
through the thickness of the flange.
Figure 5.39 shows the recovery response of the foam at the location of the CDT-08. The 
relationship between deflection and recovery time is similar for all CDT gauges which were 
located under the loading pad. The foam is compacted to a maximum of -30 microns which is 
beyond the elastic limit of the material. As with previous traces the overall deformation of the 
simulated 14 passes is greater than the deformation of the passes which occurred subsequently; 
this indicates that cell wall buckling had initiated. The CDT-08 was positioned in the foam at 
36 mm vertically under the CDT-07 gauge and at the same horizontal location. The CDT-08 
deforms more than the CDT-07 which provides further confirmation that the load has been 
dissipated through the thickness of the flange.
Figure 5.40 shows the recovery response of CDT-09. This gauge shows an extension of 12 
microns and 14 micron for simulated 01 and 17 passes, respectively, at zero time. After nine 
minutes full recovery is achieved from the simulated 01 pass while a 3 micron residual 
deformation remains after the simulated 17 passes. The deformation magnitude of the traces do 
not follow any particular order. It should be note that the simulated 13 and 14 passes have 
higher deformation responses than subsequent traces.
Figure 5.41 shows the recovery response of CDT-10 and apart from the magnitudes of the 
deformation this gauge behaves in a similar way to that of the previous gauge, CDT-09. The
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erratic form of the graph for gauge CDT-10 is very similar to gauge CDT-09, which was 
described in the previous paragraph. The forms of the graphs for CDT-09 and 10 may be due to 
a combination of the variation of the applied experimental load and the low deformations 
recorded at this location. The response of the CDT-10 over the nine minute period indicates 
that the foam behaves plastically and that the maximum visco-elastic recovery occurs in the first 
two minutes.
Figure 5.42 shows the recovery response of CDT-11 and it is seen that the form of the 
behaviour is similar to gauge CDT-09 and 10 but the magnitudes of the deformation are 
smaller. The visco-elastic recovery occurs in the first two minutes and thereafter the rate of 
recovery reduces but does not become zero.
Figure 5.43 shows the recovery response of CDT-12; here the magnitudes of the deformations 
are low. The form of the graphs obtained are similar to those for gauges CDT-05 shown in 
Figure 5.36; both the CDT-05 and CDT-12 are 120 mm below the top surface of the flange and 
approximately in the same plan location. The deformation levels are low and this indicates that 
very little stress is being transferred through the foam at this location.
The analyses of the results obtained from the CDT gauges during Test 2 indicate that the foam 
in the longitudinal and transverse planks were very lightly loaded; this is also confirmed by the 
numerical analysis, shown in Figure 5.37, where the magnitude of the stress in the foam is of 
low magnitude except under the pad load. However, the foam has an important function when 
placed in the cells of the ACCS planks in that it improves the buckling capacity of the webs of 
the planks.
5 .1 0 .5  Test 3 : Creep and recovery of the box section
The creep behaviour of the box section was monitored for one week under a nominal 100 kN 
concentrated HA load; the location of the load application and the set up for the test were 
identical to that of the static tests. At the end of the test the load was released and the recovery 
characteristics of the box section was monitored for a period of three weeks.
In the current experimental arrangement the hydraulic jack did not contain a locking device and 
therefore to maintain a constant load for one week was not possible. Furthermore, to constantly 
pump to 100 kN during the tests would have disturbed the creep readings. It was therefore 
decided to allow the load to fall during the creep period and it can be seen from Figure 5.44 that 
the load stabilised at 80 kN after two days.
Figures 5.45 to 5.51 show the experimental creep and recovery strains for the box section; 
Appendix 5-E gives the reference notation and locations for the ER gauges. As stated in Section 
5.10.4, during the static and cyclic loadings of the box section, it is believed that the AFRC 
material may have sustained some damage which would have had some influence on the creep 
results; a comparison of the numerical creep analyses with those of the experimental ones 
showed deviations of up to 50%. As a consequence the numerical results are not superimposed
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on Figures 5.45 to 5.51.
The experimental strains measured by the ER gauges are all relative to their first readings taken 
during Test 1. The residual strains related to the individual strain readings for Test 3 under a 
load of 100 kN at time zero compared with the initial strains for Test 1 under a load of 100 kN 
are given by the following various gauges. The ER-F-00 and ER-F-06, which are the nearest 
to the load application points, have the largest increase in residual strain with values of 0.00017 
to 0.00032 and 0.00008 to 0.00025 respectively, whilst for the same period the residual strain 
in gauge ER-F-03 decreases slightly from -0.00026 to -0.00021. Gauges ER-F-01, ER-F-04, 
ER-F-05, ER-F-07, ER-W-19, ER-W-02, ER-W-04, ER-W-07 and ER-W-08 register 
relatively low residual stresses whilst ER-F-02, ER-W-01 ER-W-11 and ER-W-15 change 
sign.
Figure 5.45 shows the transient response of the gauges of the upper flange in the 90° fibre 
direction; it is seen that a low magnitude primary creep is present within the first five hours of 
the test and terminates after this time. The transient response thereafter is stable for a further 40 
hours when a sudden rise in the strain value can be observed. This rise could be due to the 
adhesive joint slipping, local fracturing or local bending of the ACCS cells. This statement can 
be justified to some extent if one considers that the rate of strain at 42 hours in the gauge ER-F- 
00 is less than in gauge ER-F-00-lower. Gauges ER-F-01 and ER-F-02 registered the sudden 
change in transient strain at 42 hours, but the material did not creep. Full elastic recovery was 
not achieved when the load was removed at time 163 hours; this is indicative of nonlinear creep 
behaviour, however the possibility of adhesive failure cannot be ignored as a contributing 
factor. After 20 hours at zero load the rate of recovery is low and the residual strain is of the 
order of 50 microns.
Figure 5.46 shows the transient response of the gauges ER-F-03, ER-F-04 and ER-F-05 which 
are situated on the upper flange in the zero fibre direction. The creep responses indicate that the 
primary creep is of low magnitude and the rate of creep in the secondary creep phase is also 
low. It will be seen that there is no sudden rise at time 42 hours which indicates that the rise 
noticed previously was a local effect. The recovery characteristics indicate that at this local level 
the creep in the 0° fibre direction can be considered to be linear. At the gauge location ER-F-03 
and ER-F-04 it would appear that the creep of the material is decreasing with time, but it should 
be remembered that the load is also decreasing with time, as shown in Figure 5.44. At the end 
of a 20 hour recovery period the residual strains were negligible.
Figure 5.47 shows the transient response of the gauges in the upper flange in the 45° fibre 
direction. The primary creep which occurs over the first hour is small. For the next 41 hours of 
the creep test, during which time the secondary creep occurs, the gauges ER-F-06 and ER-F-07 
have similar magnitudes of strain and creep strain rate; the sudden rise in the transient strain 
measured by ER-F-06 is contrasted by the sudden decrease in strain value given by ER-F-07 
this can be seen in Figure 5.47. This behaviour indicates that there is a redistribution of stress 
in the structure as a consequence of a possible slippage along the adhesive bond line or fracture
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within the material. The rate of creep of material after 42 hours is very low. A full elastic 
recovery of the system, after 162 hours under load, is almost complete within 6 hours.
Figure 5.48 shows the transient strains in the outer webs of the box section in the 90° fibre 
direction; the positions of these gauges are shown in Appendix 5-E. The creep rates and 
magnitudes obtained for these strain gauges are low and no apparent creep recovery occurred 
after the removal of the load at 162 hours; the creep strains at these locations remained as 
residual strains.
Figure 5.49 shows the transient strains on the inner web of the box section in the 90° fibre 
direction; Appendix 5-E shows the position of the gauges. It will be seen that the creep rates 
and magnitudes given by these gauges are low. However, elastic recovery is almost complete 
after removal of the load of 162 hours which indicates that the visco-elastic behaviour within 
this region of the beam could be assumed linear.
Figure 5.50 shows the transient strains of the outer webs of the box section in the 0° fibre 
direction. The strains recorded are of low negligible magnitude and do not describe a sensible 
pattern.
The strains in the inner webs of the box section in the 0° fibre direction are shown in Figure 
5.51; their positions are shown in Appendix 5-E. The apparent decrease in the creep strain is 
attributed to the fall off of load during the test. Essentially the creep rate is low and recovery, 
after the load is removed, is complete.
5 .1 0 .6  Test 4 : Test of Failure of the Box Section
The capacity of the reaction frame which resisted the load being applied to the box section was 
120 kN, consequently, the box section under the existing experimental arrangement could not 
be failed.
The elastomeric loading pad was removed from under the steel bearing pad which was attached 
to the ram. In addition, the Acmeflooring panels were removed from the upper surface of the 
deck so that the steel bearing pad which was in series with the hydraulic jack was resting on the 
ACCS material. A 100 kN load was applied but no apparent damage to the box section was 
noticed.
A numerical load proportionality analysis incorporating the Tsai-Hill failure criteria coefficients 
for the ACCS material, as discussed in Section 3.2.7, indicated that the ultimate load of the box 
section was 254 kN. The numerical failure type was a punching shear mechanism which 
cracked the central transverse ACCS flange plank in the 90° fibre direction at the edges of the 
loading pad.
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5 .1 1 .1  In troduction
The object of this test was to determine the maximum displacement profile, flexural rigidity and 
flexural modulus of the bridge superstructure due to the loading of a 17 tonne truck. The 
vehicle used was supplied by Vetrotex U.K. and had two axles; the dimensions of the vehicle 
were measured on site. The centre to centre spacing of the axles was 5600 mm. The front axle 
had two wheels, which were 325 mm wide. The width of the front axle was 2250 mm. The 
level weight of the front axle, as determined by a weighbridge, was 6.54 tonnes. The back axle 
had four wheels, each was 325 mm wide. The width of the back axle was 2400 mm. The 
distance between the outer and inner sets of wheels on the back axle was 150 mm. The level 
weight of the back axle, as determined by a weighbridge, was 10.14 tonnes. Assuming a wheel 
contact length of 300 mm, the normal stress transferred to the superstructure by each wheel on 
the front and back truck axles was 0.335 MPa and 0.260 MPa, respectively.
Precise levelling of the super structure allowed deformations to be measured to an accuracy of 
0.05 mm or less. A set of precise levelling grade points were bonded, using plastic padding, at 
optimal positions on to the ACME panels attached to the bridge deck; Figure 5.52 shows the 
locations of these points together with the positions of the wheels of the vehicle. A temporary 
bench mark was located off the bridge structure and a programme was written to ensure that the 
accuracy of each level taken and the closing accuracy of the line of levels was satisfactory; three 
sets of levels were taken. Before proceeding from one set of levels to the next an accuracy 
check was carried out on the computer.
Figure 5.53 shows the east and west longitudinal profiles of the super structure in the loaded 
and unloaded conditions. The levels are reduced with respect to the south east comer of the 
bridge deck. It was noted that the northern edge of the bridge is approximately 25 mm higher 
than the southern end and the western edge of the bridge is approximately 5 mm higher than the 
eastern edge. At the southern end a set of levels was taken immediately before and 10 minutes 
after the vehicle had entered the bridge at the southern end. The plateau in Figure 5.53 between 
1500 mm and 2750 mm could be due to the fact that ACME panel in this region was not in 
contact with the AFRC transverse plank. At the eastern and western sides of the southern 
rubber pad bearing, Figure 5.1, were compressed by 0.18 mm and 0.2 mm respectively. The 
eastern and western sides of the lifting cradle the deflection was downwards by 0.16 mm and
1.43 mm and the eastern and western sides of the northern support deflected upwards by 0.238 
mm and downwards by 0.487 mm respectively.
Figure 5.54 shows the resultant displacements at every precise levelling point due to the 
stationary vehicle axle load on the bridge. For the position of the vehicle the maximum overall 
deflections of 2.5 mm and 3.3 mm on the eastern and western edges of the super structure 
respectively were obtained. The levelling out of the graph between 1500 mm and 2750 mm 
from the northern end of the bridge might be attributed to the misalignment of the ACME 
panels. An interpolation curve was fitted through the experimentally determined precise
5 . 1 1  V ehicular static loading on the bridge superstructure
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levelling points. The maximum average deflection, 2.9 mm achieved from the 10.14 tonne axle 
load placed 3920 mm from the southern super structure support was used to calculate the 
analytical flexural rigidity and flexural modulus of the box section. For analytical purposes the 
second moment of area of the super structure was assumed to be constant throughout. A 
schematic diagram of the loading regime required to obtain maximum displacement is shown in 
Figure 5.55.
EIv = Rc L i3 ... 5.1
i s
Notation used
d  : average deflection at axle position = 2.9 mm
E : flexural modulus (N mm-2)
I : second moment of area of the superstructure
Rc : reaction due to axle on southern bridge support
L i : distance between reaction point, Rc, and axle
Calculation of the second moment of area of the superstructure is shown in Table 5 .3  The 
analysis is carried out on the section of the superstructure directly beneath the axle and the value 
of the second moment of area value is assumed to be constant throughout the superstructure.
5 .1 2  Discussion and  Conclusions
From April 1994 to June 1995 a comprehensive set of laboratory tests were performed on a full 
size section of the Bonds Mill lift bridge. The prototype bridge is now in service in 
Gloustershire, England and additional experimental tests and a condition survey were 
performed on the structure for the first year of its life.
The collation of the experimental short term and numerical short term results were seen to be in 
good agreement for all planar strain components considered. The suitablity of the numerical 
subroutine developed for determining the short term response of the composite material has 
been shown to be accurate enough to predict the mechanical responses of large structures 
fabricated from this composite material.
Experimental testing revealed that the relatively high strains developed in the vicinity of the load 
application point were distributed very effectively from the central section of the upper flange 
through the inner webs and diaphragms to the reaction beams. Punching, web buckling and 
crushing over the reaction beam did not occur.
The experimental longitudinal deformation profile for the centre and edge of the box section 
indicated deformations of 11 mm and 7 mm, respectively, under full HA concentrated loading; 
these deformations demonstrate the excellent global performance of the structure. A 1.4 mm
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lateral movement of the transverse ACCS plank relative to the longitudinal ACCS plank was 
recorded. Globally this deformation would impose a 2 MPa shear stress on the adhesive which 
is 15 % of the ultimate adhesive shear strength.
The maximum deformation of the foam was 2.3 mm at full HA concentrated loading. This 
deformation is at the position of the elastic plastic transition region of the material. 
Deformations of the foam recorded at eleven other regions and depths were all within the elastic 
range of the foam. The foam is an essential item in the bridge structure and provided the 
foam/ACCS plank bond is sufficient and is not over stressed, the foam acts as an excellent load 
redistributing medium; its importance has been demonstrated numerically by showing that the 
stress is directed from the load application point to the webs and finally to the supports.
The cyclic loading tests indicate that residual stresses remain in the foam after the application of 
load has been removed. The recovery rate of the foam is, on average, high for the first two 
minutes thereafter the recovery rate slows down abruptly. After seventeen passes of a simulated 
HA concentrated wheel load the maximum residual deformations in the foam were 0.10 mm 
and 0.13 mm at 0 minutes and 9 minutes, respectively. It was verified that as the simulated 
passes of the HA load increased the change in residual displacements decreased.
The creep rate and the creep strains, which were recorded at twenty three location on the box 
section were both of low magnitude. On average the primary creep phase lasted three hours 
with no significant increase in the total strain level while during the secondary creep phase the 
positive creep rate was essentially zero. Creep of the material due to the concentrated HA wheel 
load is not a major concern. The recovery response of the box section, at zero load, was 
monitored for eighteen hours following the creep test. The results indicated that the more highly 
stressed regions of the beam experienced non linear creep.
A fatigue test was performed on a section of a foamed and an unfoamed ACCS plank of span 
500 mm. The fatigue load range was 200 kg to 2000 kg with a frequency of 1.2 hertz. Failure 
of the unfoamed ACCS plank occurred after 41743 load cycles; the failure mechanism was 
initiated by cracks in the 90° off axis fibre direction. The foam filled ACCS plank was exposed 
to more the 3 million fatigue cycles and did not show any visual sign of damage; the initial load 
and the 3 millionth load caused deformation values of 2 mm and 4 mm, respectively, at the 
centre of the ACCS plank. A description of .the apparatus used in these tests is given in Appendix 5-1.
A 17 tonne heavy goods vehicle was used to perform a loading test on the Bonds Mill Lift 
bridge. The vehicle was positioned such that the maximum moment would be achieved in the 
superstructure. The maximum recorded deformation, using the precise levelling technique, was
3.4 mm. The flexural rigidity of the insitu structure was analytically calculated to be 4.10 xlO14 
Nmm2.
Two condition surveys were performed on the Bond Mill Lift bridge; one at the start of this 
contract and one at the end. Apart from a misalignment of an ACME panel the condition of the
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bridge was good.
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M aterial
type
Elem ent
type
M aterial
m odel
No.
int.
of
points
ABAQUS 
elem ent code
FRP 8 noded
doubly curved shell 
reduced integration
Non linear 
orthotropic 
thick plate
4 S8R
Foam 20 noded brick 
hybrid quadratic 
linear pressure
Visco-elastic/ 
plastic ¥
8 C3D20H
Steel pad 20 noded brick 
quadratic
Linear
elastic
8 C3D20
Steel U-beam 8 noded
doubly curved shell 
reduced integration 
5 DOF per node
Linear
elastic
8 S8R5
ACME panels 20 noded brick 
quadratic
Linear
isotropic
8 C3D20
Adhesive beads 2 noded 
interface
Pressure - 
clearance 
rough friction 
softened contact
1 INTER1
ACME bolts 3 nodes per 
side
Hard elastic 
interface
1 INTER3P
Elastomeric
pad
20 noded brick 
quadratic
Non linear 
isotropic
8 C3D20
Rib buckling 8 noded Deformation 4 CPE8
biquadratic plasticity t
plane strain
¥  The preliminary numerical models considered the form to be linearly elastic with
modulus of 7000 MPa. 
t  The strain stress model used was 12.0 x lCfl x £ = a  x 0.29 { a/ 5.50}0-91 a.
Table 5.1 : Finite elements and material types used in the numerical models
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B efore A fter % change
ER-F-00 upper 0.000087 0.000095 9.78%
ER-F-00 lower 0.000046 0.000063 36.73%
ER-F-02 0.000010 -0.000016 -258.88%
ER-F-01 0.000028 0.000028 0.00%
ER-F-05 0.000036 0.000038 5.26%
ER-F-04 0.000032 0.000043 35.29%
ER-F-03 0.000046 0.000036 -22.45%
ER-F-08 0.000019 0.000028 50.00%
ER-F-07 -0.000014 -0.000002 -86.67%
ER-F-06 -0.000037 -0.000039 5.13%
ER-W-15 -0.000118 -0.000126 7.14%
ER-W-00 -0.000406 -0.000423 4.38%
ER-W-02 -0.000083 -0.000094 13.48%
ER-W-04 -0.000110 -0.000115 4.24%
ER-W-07 -0.000068 -0.000068 0.00%
ER-W-08 -0.000051 -0.000068 32.73%
ER-W-10 -0.000063 -0.000080 28.36%
ER-W-19 0.000086 0.000064 -25.00%
ER-W-01 0.000019 0.000022 20.00%
ER-W-03 0.000030 0.000030 0.00%
ER-W-05 0.000040 0.000038 -4.65%
ER-W-06 0.000030 0.000032 6.25%
Table 5.2 : Comparisons of the initial strain readings for Test 1 and Test 2
0 )
P ositio n
o f
section
(2)
D im ensions
(3)
Area
(4)
Distance of 
c/g from 
bottom
(5)
First M. o f A. 
@ bottom
(6)
c /g
offset
(7)
A reax  
offset squared
(8) 
Second 
M. o f A. 
@ own c/g
(9)
M. o f A. 
@ c/g  of 
w hole
Top & trans. 
flanges & 
ACME panel
4400  x 185 8.14e+5 7 7 5 .5 6.31e+8 133 1.43e+10 2.32e+9 1.66e+10
Webs (x 8) 603 x 80 3.86e+5 3 8 1 .5 1.47e+8 -261 2.64e+10 2.57e+7 2 .64e+ 10
B ottom
flange
21 foamed cells 86 x 80 6.88e+3 4 0 5.78e+6 -603 2.50e+9 3.67e+ 6 2.50e+9
30 voided cells 
ce lls  
voids
86 x 80 
84.5  x 78.5
6.88e+3
-6 .63e+ 3
4 0
4 0
8.26e+6
7.96e+6
-603
-603
2.50e+9
-2 .4 1 e+ 9
3.67e+6
-3 .4 1 e+ 6
2 .50e+9
-2 .4 1 e+ 9
Table 5.3 : Calculation of the second moment of area of the superstructure
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Plate 5.1 : Laboratory test set up for the foam filled box beam
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Figure 5.1 : Experimental test set-up in the Composite Structures Laboratory
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Figure 5.2 : Stress strain response of the elastomeric pad
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Figure 5.4 : Mesh, deformation contours (in mm) and deformed shape of the
unfoamed model (UF7) model due to a concentrated HA wheel 
load
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Figure 5.5 : Mesh, deformation contours (in mm) and deformed shape of the
foamed model (FF) model due to a concentrated HA wheel load
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Figure 5.6 : Mesh, deformation contours (in mm) and deformed shape of the
detailed box beam model due to a concentrated HA wheel load
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Figure 5.7 : Experimental and numerical load strain responses in the global
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Figure 5.11 : Experimental and numerical load strain responses at a 45° off axis 
angle to the global x-x direction due to an incremental load up to 
100 kN
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Figure 5.12 : Experimental and numerical load strain responses on the upper 
and lower surfaces of the upper flange of the box beam 
(the strain gauges were orientated in the global x-x direction)
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Figure 5.13 : Numerical strain in the global x-x direction of the plates of the two
ACCS planks which compose the top flange of the box section 
(he ribs of the ACCS planks are not shown in this drawing)
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Figure 5.14 : Experimental and numerical load strain response in the global z-z 
direction at the centre of the outer webs
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Figure 5.15 : Experimental and numerical load strain response in the global z
direction at the centre of the inner webs
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Figure 5.17 : Experimental and numerical load strain responses in the global x-x 
direction on the outer webs due to an incremental load 
up to 100 kN
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Figure 5.19 : Numerical load stress contours in the global z-z direction in the
webs of the box section at 100 kN
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Figure 5.20 : Numerical stress contours (MPa) in the global x-x direction in the 
longitudinal flanges of the box section at 100 kN
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Figure 5.21 : Numerical stress contours (MPa) in the global x-x direction in
the top flange of the box beam at 100 kN
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Figure 5.22 : Experimental deformation (mm) of the upper surface of the foam 
in the transverse ACCS plank
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Figui e 5.23 : Experimental deformation (mm) 40 mm below the upper surface of 
the foam in the transverse ACCS plank
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Figure 5.24 : Experimental deformation (mm) 53 mm below the upper surface of 
the foam in the transverse ACCS plank
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Figure 5.25 : Experimental deformation (mm) 86 mm below the upper surface of
the foam in the transverse ACCS plank
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Figure 5.26 : Experimental deformation (mm) 126 mm below the upper
surface of the foam in the transverse ACCS plank
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Figure 5.28 : oz numerical stress distribution (MPa) of the foam at 100 kN in
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Figure 5.27 : oz numerical stress distribution (MPa) of the foam at 100 kN 
directly beneath the load application point 
(Note (i) a close visual inspection shows the separation o f the 
foam in the longitudinal and transverse ACCS planks)
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Figure 5.29 : Experimental and numerical vertical deflection (mm) profiles
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Figure 5.30 : Experimental and numerical load - vertical deformation responses 
along the global x-x axes of the LVDT on the upper flange
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Figure 5.32 : Experimental recovery behaviour of CDT-01 during the cyclic 
loading test
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Figure 5,33 : Experimental recovery behaviour of CDT-02 during the cyclic 
loading test
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Figure 5.34 : Experimental recovery behaviour of CDT-03 
during the cyclic loading test
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Figure 5.35 : Experimental recovery behaviour of CDT-04 
during the cyclic loading test
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Figure 5.36 : Experimental recovery behaviour of CDT-05 during the cyclic 
loading test
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Figure 5.37 ; Experimental recovery behaviour of CDT-06 during the cyclic 
loading test
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Figure 5.38 : Experimental recovery behaviour of CDT-07 during the cyclic
loading test
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Figure 5.39 : Experimental recovery behaviour of CDT-08 during the cyclic 
loading test
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Figure 5.40 : Experimental recovery behaviour of CDT-09 during the cyclic 
loading test
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Figure 5.41 : Experimental recovery behaviour of CDT-10 during the cyclic
loading test
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Figure 5.42 : Experimental recovery behaviour of CDT-11 during the cyclic
loading test
175
De
fle
ct
io
n 
( m
m 
x 
10
“3)
Recovery time (minutes)
 e Recovery 01
 e  - Recovery 04
— 0-  - Recovery 05
—  x - - Recovery 06
— - + - - Recovery 07
 a  -  -  Recovery 08
— - 9 - - -  Recovery 09
—  m - - - Recovery 10 
— ❖—  Recovery 11
—  A—  Recovery 12
 v Recovery 13
 o  - Recovery 14
-  eh - Recovery 15
-  -  a -  - Recovery 16
- - □ - - Recovery 17
Figure 5.43 : Experimental recovery behaviour of CDT-12 during the cyclic
loading test
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Figure 5.44 : Experimental load time trace for the creep and recovery test
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Figure 5.45 : Experimental creep and recovery strains in the global x-x
direction on the upper surface of the top flange of the box section
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Figure 5.46 : Experimental creep and recovery strains in the global y-y
direction on the upper surface of the top flange of the box section
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Figure 5.47 : Experimental creep and recovery strains at a 45° off angle
direction to the global x-x axis on the upper surface of the top 
flange of the box section
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Figure 5.48 : Experimental creep and recovery strains in the global z-z 
direction on the outer webs of the box section
0 40 80 120 160
Time (hours)
Figure 5.49 : Experimental creep and recovery strains in the global z-z
direction on the inner webs of the box section
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Figure 5.50 : Experimental creep and recovery strains in the global x-x 
direction on the outer webs of the box section
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Figure 5.51 : Experimental creep and recovery strains in the global x-x
direction on the inner webs of the box section
180
H  K 250 mm
8240 mm
O
250 mm
' l if t in g  cradle
2400 mm 
<4-------  ►
" Q   §|Rubber bearing pad
-H K
Rubber bam ng pad O
3920 mm
980 mm
G  Precise levelling point.
{Longitudinal precise levelling point spacings are shown in 
Figures 5.53 & 5.54}
Figure 5.52 : Position of precise levelling points and vehicle on superstructure
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Figure 5 .53 : Longitudinal profile of Bonds Mill lift bridge superstructure
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Figure 5.54  : Deflected shape of Bonds Mill lift bridge superstructure
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Figure 5.55 : Sketch of superstructure analysed using direct integration
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C h a p t e r  6  : D i s c u s s i o n  a n d  c o n c l u s i o n s
6 .1  Introduction
An accurate respresentation of the mechanical response of a composite material was achieved by 
performing a number of experimental procedures on coupon samples of the material. Analytical 
models were then developed to represent the mechanical behaviour of the material. Some of the 
analytical equations developed for this material were unique. Numerical modelling of the 
behaviour of the composite material was achieved by directly programming the experimental 
mechanical responses of the material into the materials module of the Abaqus finite element 
software. This approach to modelling the mechanical response of composite materials is 
unique. It is also a were powerful method of analysis since the finite element programme bases 
its materials characterisation on the experimental results presented to it, thus if the experimental 
results from a different composite material are available a finite element analysis can readily be 
performed on it.
To verify the accuracy of the numerical procedure developed, a number of large prototype 
structures were tested experimentally. These structures were numerically modelled and the 
results were generally seen to be in good agreement with the equivalent experimental results.
This chapter discusses, in the following order, the experimental and numerical result obtained 
from the coupon tests, environmental tests on two eighteen metre prototype box beams, static 
failure and dynamic tests on a twelve metre prototype box beam, flexural tests on voided and 
foam filled FRP planks, concentrated load tests on a laboratory section of a prototype lift bridge 
and deformation tests on an actual prototype.
6 o 2 M aterial characterisation
Because the analytical equations developed to model the mechanical behaviour of the composite 
material were based on the experimental results, obtained from coupon tests, an accurate 
representation of the behaviour of the material was obtained. The numerical form of the 
analytical equations developed was carefully chosen such that they could be programmed for 
use in the material characterisation routine of a finite element package. Since the experimental 
results are represented by numerical equations, the finite element material routine bases its 
calculations on the experimentally obtained results. The advantage of this technique is that 
analytical and theoretical assumptions are kept to a minimum thus giving a solution which is 
based on the actual performance of the material. The major advantage of this technique is that it 
can be used for any given composite material provided a series of experimental tests are 
performed on that material.
6 .3  Experimental testing of the composite material
The extensive range of experimental tests performed on coupon samples of the composite 
material have been shown to be instrumental in representing accurately the mechanical 
behaviour of the composite material.
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Analytical equations developed in Chapter 3, which are unique to this particular composite 
layup, had to model high degrees of anisotropy, non linearity, thermal and moisture 
dependance and creep. As a consequence most of the analytical equations developed in this 
thesis were in good agreement with experimental results.
A numerical approach was therefore developed which was based exclusively on the 
experimental results obtained. The major advantage of this approach is that no idealised 
analytical assumptions had to be made. The numerical representation of the mechanical 
behaviour of the composite material was shown to be in excellent agreement with all the 
experimental data obtained. Thenumericalalogrithms were programmed such that they could be 
used in the material data deck of the Abaqus finite element package.
6 .4  Experimental testing of the 18 metre box beam
The loaded environmental box beams showed no signs of global deterioration and generally 
behaved as predicted. However, there was some local flexural cracking in the connectors at the 
position of the applied line load; this area of potential failure did not occur in the planks, where 
diaphragms were positioned parallel to the line load.
The numerical model was in good agreement with the short term experimental results obtained 
for the box beams.
The short term stiffness of the beam, during the nine months test, did not decrease to any 
appreciable extent; at the end of the test the value was 97% of its initial value. Full recovery was 
achieved after the first loading cycle but at the end of the test little recovery was observed.
Over the test period the deflection at the centre of the beam, which was under a pure moment of 
430 kNm increased by 13% of the static value at time zero. At the end of the nine month test 
period the rate of creep was practically zero; 60% of the creep took place over the first forty 
days of the loaded period. It is therefore estimated that tensile creep rupture of the material will 
not occur within a design life of 120 years for stress levels up to 100 MPa.
The deflection at the free end of the beam which was under a shear load of 100 kN increased by 
40% of the static value at time zero. The rate of creep deformation at the free end of the beams 
appeared to remain constant throughout the test. At the end of the test, it appeared, from a 
visual point of view that the bonding/fixing of the planks to the connectors over the pure 
bending region had performed well. In the cantilever region there was some slippage between 
the plank and connectors and it was unclear where or how the debonding occurred. However, 
in regions of bond line edges in the protype structure, a series of composite dowel pins could 
be incorporated through the connector and face material of the plank to resist movement 
between the two component parts.
Condition surveys of the 18 metre test beams were made at weekly intervals and a complete 
analysis was undertaken, [Hollaway and Lee, 1992], at the end of the test period.
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Some UV attack on large exposed surfaces of FRP was observed but the discolouration did not 
affect the strength of the beam; indeed, it was only a surface problem which could be removed 
at the end of the test by polishing. As time was limited the developed resin used in production 
had no UV pigments or stabilisers incorporated into the pultrusions at the time of manufacture. 
Discolouration tests on coupon specimens showed that UV resistance of the material was poor. 
The ultra violet attack on large exposed surfaces of the beams should be addressed; the surfaces 
of these composite structures which faced south and the horizontal upper surface of the top 
beam were discoloured at the end of the test. In addition during the nine month period, water 
did enter the box beams and debonded facia panels at both ends of the box beams; the entrance 
of the moisture did not affect the performance of the structure.
6 .5  Experimental testing of the 12 metre box beam
The numerical modelling of the system adequately represented the experimental structure under 
static and vibrational loading and completely represented it up to 33% of failure. Beyond this 
limit the numerical representation appealed to be stiffer than the experimental structure and has a 
load deflection characteristic which is basically linear to failure. The experimental model 
indicates a non-linear load deflection characteristic in the higher load region which has been 
attributed to the primary creep effects. The strain components of the experimental and numerical 
models agree up to 33% of failure (ie up to a moment value of 860 kNm) but diverge beyond 
this point and differ by 15% at failure. These discrepancies are in part attributed to the creep of 
the system under high load. The weakest part of the structure was the connection at the support 
ends.
Experimental testing of three prototype FRP structures have proved the suitability of the 
material for use in Highway structures. All the tests performed on the prototypes, short term, 
long term and vibrational, showed that they could adequately sustain the loading criteria set out 
in the British bridge loading standard.
However, some aspects of the performance of the prototypes, although not detrimental, need to 
be addressed. These aspects include compressive crushing over the supports under long term 
loading conditions, shear slippage at the web junction interface, discolouration due to exposure 
to natural ultra violet radiation. To remedy these problems an epoxy foam diaphragm 
component was introduced at the support, steel dowel pins were introduced to arrest the shear 
force and discolouration could be considerably reduced by adding UV stabilisers to the resin.
6 .6  Experimental testing of the Bonds Mill lift bridge
A comprehensive set of laboratory loading tests were performed on a one eighth identical 
section of a prototype lift bridge which is now in service in Gloustershire, England. In addition 
experimental tests were performed on the actual prototype lift bridge.
Experimental strain response values were recorded at twenty three locations on the box section; 
these results indicated that the maximum experimental strains recorded on the GFRP material in 
the 0°, 45° and 90° off-axis fibre directions were 1.8%, 1.8% and 1.5% of their ultimate values,
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respectively. The relatively high strains developed in the vicinity of the load application point 
were distributed very effectively from the central section of the upper flange through the inner 
webs and diaphragms to the reaction beams. The strains which were measured on the upper and 
lower surfaces of the box section verified that they were being transferred efficiently, by the 
foam, through the flange. Punching, web buckling and crushing over the reaction beam did not 
occur experimentally and was verified numerically. The linear, mechanical, analytical and 
numerical analyses of the ACCS material has been completely justified.
The experimental longitudinal deformation profile for the centre and edge of the box section 
indicated deformations of 11 mm and 7 mm, respectively, under full HA concentrated loading; 
these deformations demonstrate the excellent global performance of the structure. A 1.4 mm 
lateral movement of the transverse ACCS plank relative to the longitudinal ACCS plank was 
recorded. Globally this deformation would impose a 2 MPa shear stress on the adhesive which 
is 15 % of the ultimate adhesive shear strength. In practice, however, such a large concentrated 
load is unlikely to be imposed on the actual bridge superstructure, consequently, the 
deformations and the shear stress in the adhesive will be lower than those obtained in this test. 
The deformations obtained from the incremental loading test on the box section indicated that it 
behaves non linearly.
The mechanical properties of samples of foam filler, which was injected into the cells of the 
ACCS planks,were determined prior to the test performed on the box section. These tests 
revealed that the foam had an elastic compressive modulus of 118 MPa up to a stress level of 
approximately 5 MPa thereafter the foam behaved plastically. The maximum deformation of the 
foam, which was recorded using a unique transducer (CDT) was 2.3 mm at full HA 
concentrated loading.This deformation is at the position of the elastic/plastic transition region of 
the material. Deformations of the foam recorded at eleven other regions and depths were all 
within the elastic range of the foam. A combined analysis of the results obtained from the 
transducers positioned in the foam indicated that the foam acts as an energy (stress-strain- 
volume) transferring medium. Care should be taken to ensure that the interface bond between 
the foam and the ACCS plank material is not destroyed, this can be achieved by insuring that 
the foam in the actual structure is not exposed to stresses greater than 4 MPa. If the bond 
between the foam and the ACCS material is defective in any region of the box structure it is 
evident from these experimental tests, that cracking in the ACCS plank material in the 90° off 
axis fibre direction will occur. The foam is an essential item in the bridge structure and provided 
the foam/ACCS plank bond is sufficient and is not over stressed, the foam acts as an excellent 
load redistributing medium; its importance has been demonstrated numerically by showing that 
the stress is directed from the load application point to the webs and finally to the supports.
The results from the numerical analysis of the incremental load test are in good agreement with
PIIGH -tew*
those j  the experimental^ The numerical model has incorporated non linear material and
geometric behaviour, plasticity, user subroutines (in Fortran 90), failure criterion, interface
elements, local orientations, multi point constraints and the bending/axial translational
parametres of the GFRP finite elements, which were experimentally determined, for the shell
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elements used to model the ACCS material. The numerical model is an accurate representation 
of the short term behaviour, consequently, it is now possible to adapt this model to accurately 
calculate the mechanical performance of the prototype lift bridge.
The cyclic loading tests indicate that residual stresses remain in the foam after the application of 
load has been removed. The recovery rate of the foam is, on average, high for the first two 
minutes thereafter the recovery rate slows down abruptly. After seventeen simulati onjs q f
HA concentrated wheel load the maximum residual deformations in the foam were 0.10 mm 
and 0.13 mm at 0 minutes and 9 minutes, respectively. It was verified that as the simulated 
HA load increased the change in residual displacements decreased. These residual 
displacements are unlikely to sever the bond between the ACCS plank and the foam.
The experimental long term creep tests performed on the box section over a period of 162 hours 
consisted o f applying a full HA concentrated load; this test was immediately followed by a 
recovery test at zero load.
The creep rate and the creep strains, which were recorded at twenty three location on the box 
section were both of low magnitude. On average the primary creep phase lasted three hours 
with no significant increase in the total strain level while during the secondary creep phase the 
positive creep rate was essentially zero. Creep of the material due to the concentrated HA wheel 
load is not a major concern, but a sizable creep factor should be introduced into the design for 
the 90° off axis fibre direction as independent tests have shown that the creep rate at between 
40°C and 60°C is large. The recovery response of the box section, at zero load, was monitored 
for eighteen hours following the creep test. The results indicated that the more highly stressed 
regions of the beam experienced non linear creep. Over shooting of the recovery strains, 
especially on the inner webs, indicated the presence of flexural stresses. After eighteen hours 
recovery, the strain monitored areas of the box section showed residual strains but they were 
generally of low magnitude.
An experimental test to failure of the box section was not possible because of the load capacity 
of the reaction frame but a numerical analysis indicated that failure of the box section would 
occur in the form of cracking in the 90° off-axis fibre direction adjacent to the loading pad at 
250 kN.
The overall mechanical performance of the box beam was good. No instrumentation was placed 
on the Acmeflooring panels but the numerical analyses of the box section, which included these 
panels, concludes that they are a suitable material for the bridge running surface. However 
some graphs of the mechanical behaviour of the structure indicated the possibility of local 
failures of the adhesive bond and crushing of the foam; this cannot be proved conclusively 
since it would have been impossible to monitor local areas effectively.
A fatigue test was performed on a section of a foamed and an unfoamed ACCS plank of span 
500 mm. The fatigue load range was 200 kg to 2000 kg with a frequency of 1.2 hertz. Failure 
of the unfoamed ACCS plank occurred after 41743 load cycles; the failure mechanism was
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initiated by cracks in the 90° off axis fibre direction. The foam filled ACCS plank was exposed 
to more the 3 million fatigue cycles and did not show any visual sign of damage; the initial load 
and the 3 millionth load caused deformation values of 2 mm and 4  mm, respectively, at the 
centre of the ACCS plank.
A 17 tonne heavy goods vehicle was used to perform a loading test on the prototype lift bridge. 
The vehicle was positioned such that the maximum moment would be achieved in the 
superstructure. The maximum recorded deformation, using the precise levelling technique, was 
3.4 mm. The flexural rigidity of the insitu structure was analytically calculated to be 4.10 xlO^  
Nmm2.
Two condition surveys were performed on the prototype lift bridge; one was undertaken at the 
commencement of the test and the other one year later. Apart from a misalignment of an ACME 
panel the condition of the bridge was good.
6 .7  C onclu sion
One feasible way of analysing large geometrically complicated structures is by the utilisation of 
the finite element technique. As the structures analysed were fabricated from composite 
materials which are anisotropic hygrothermally dependent a material characterisation routine to 
respresent the mechanical response of the material was developed. This material characterisation 
routine was developed numerically and based solely on the experimental results obtained for 
this particular composite material. Numerical models of prototype structures, using the material 
routine developed, were shown to give an accurate correlation with experimental tests 
performed on the actual prototype composite structures.
6 .8  Contribution of this work to science
The development of an analytical equation which represents the short term thermal behaviour of 
any composite material. The development of an analytical equation which represents the long 
term thermal behaviour of any composite material. The development of an accurate numerical 
method of characterising the hygrothermal behaviour of composite materials. The refinement of 
the method of muliple angle transformations such that rotation matrices for the material takes 
account of the highly anistropic and nonlinear nature of unidirectional composite materials.
The development of a methodology which uses numerical techniques to derive the material 
characterisation tensor for the short term thermal response of the composite material. The 
incorporation of this tensor in the finite element method. This allows composite structures with 
complicated geometry to be designed with a high degree of accuracy.
6 .9  Future work
The development of the short term user subroutine, derived in this thesis, to account for the 
anisotropic thermal transient characteristics of composite materials.
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A p p e n d ix  3 -A
M ic-Mac/In-pIane:{[theta/#];...}S Matr E-glass[SI]
[theta] 0 .0 0 60.00 180.00 300.00 repeat h, # h, E-3 Rotate
[#/group] 1 2 .0 0 2 .0 0 2 .0 0 2 .0 0 1.00 36 .00 2 .98 0 .0 0
R/intact 0 .26 0 .38 0 .26 0.17 R/FPF 0.17 safety 1 .00
R/degraded 0 .1 4 0 .69 0 .14 0.13 R/LPF 0.13 R/ult 0 .17
R/lim 0 .17 R /lim * 0 .17
Direction {N};M N/m sigm a sig-lim sig-lim * sig-ult Eo lim EAu/EAl
1 1 .00 335 .80 56.97 56.97 56.97 27 .26 0 .95
2 1 .0 0 335 .80 56 .97 56.97 56.97 16.05 0.72
6 1 .00 335 .80 56 .97 56.97 56.97 7.62 0.71
Direction {N } lim eps, E-3 eps-lim eps-lim* eps-ult alph, E -6 beta
1 0 .17 12.32 2.09 2.09 2.09 8 .97 0.03
2 0 .17 -3.01 -0.51 -0.51 -0.51 11 .68 0 .25
6 0 .17 44 .07 7.48 7 .48 7.48 0 .0 0 0 .0 0
T opr c, m oist vo l/f Em Efx Xm Xi'x Em /Em o
Baseline 2 2 .0 0 0 .0 0 0.45 3 .40 85.78 31 .00 2360 .00 1 .00
[Modifed] 13.00 0 .0 1 0 .6 8 3 .00 45.00 30 .00 2153 .00 0 .60
Mod-Bsln -9.00 0 .0 0 Hot/Wet 3 .10 45.00 31 .89 2154.46
Mod/Bsln 0 .59 2 .0 0 1.51 0 .8 8 0.52 0.97 0.91
Data used to compile this spreadsheet is based where possible on the material properties 
measured otherwise the properties used are from referenced literature.
A sketch of the loading arrangement for the coupon specimen analysed by this micro 
mechanical investigation is shown below and unit values (N or MN/m) for the a i 5 cr2 and
06 are imposed upon the specimen.
o 2
o 2
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INTACT PLY DATA MODULE Temperature and moisture
E-glass[SI] T opr 2 2 .0 0 13.00 0 .59
c;wet 0.00 0 .0 1 2 .0 0
Stiffness Baseline Modified Mod/B T erne 122 .00 1 2 2 .0 0 1 .00
Ex 38 .60 30 .60 0 .79 T glass 160.00 150.00 0 .9 4
By 8.27 13.69 1 .6 6 T* 1.00 1.07 1.07
nu/x 0.26 0 .26 1.00 delT - 100 .00 -109.00 1.09
Es 4 .1 4 7.23 1.75
ho, E -6 125.00 82 .72 0 .6 6 Thermal expansion, E-6/degree
Micromechanics data alph/x 8.60 8 .60 1.00
vo l/f 0 .45 0 .6 8 1.51 alph/y 2 2 .1 0 1 2 .86 0 .58
Efx 85 .78 45 .00 0 .52 M oisture expansion, /c
Em 3.40 3 .10 0.91 beta/x 0.00 0 .0 0 1.00
eta/y 0.52 0 .52 1.01 beta/y 0 .60 0 .35 0 .58
v */y 0.63 0 .25 0 .39
Efy 85 .56 85 .56 LOO Ply & consti strengths, MPa
eta/s 0 .32 0 .32 1.01 X 1062.00 1465.04 1.38
v*/s 0 .39 0.15 0.39 X' 610 .00 940 .67 1.54
Gfx 35 .55 35 .57 1.00 Y 31.00 31 .89 1.03
Y' 118.00 121.40 1.03
Plane stress stiffness, GPa S 72.00 74 .07 1.03
Qxx 39.17 31 .55 0.81 Fxy* -0.50 -0.50 1.00
Q yy 8.39 14.12 1 .68 Xfx 2360.00 2154 .46 0.91
Qxy 2.18 3 .6 7 1 .68 X ni 31 .00 31 .89 1.03
Qss 4 .14 7.23 1.75
Linear combinations, GPa Strength parameters, E -6
U I 20.45 2 1 .6 6 1.06 Fxx 1.54 0.73 0 .47
U 2 15.39 8 .72 0.57 Fyy 273 .37 258.30 0 .94
U3 3.33 1.18 0 .35 F xy -10.27 -6.85 0 .67
U 4 5.51 4 .85 0 .8 8 F ss 192.90 182.26 0 .9 4
U5=GAiso 7.47 8 .40 1.13 Fx;E-3 -0.70 -0.38 0 .55
Quasi-isotrojlie  constants Fy;E-3 23.78 23.12 0 .97
EAiso 18.96 20 .57 1.08 Gxx 1913.93 2618.45 1.37
nuAiso 0.27 0 .2 2 0.83 Gyy 18881.62 50810.03 2 .69
Gxy 1712.25 10334.15 6 .04
D ensity 1.80 2 .1 1 1.17 Gss 3306.25 9517.32 2 .8 8
rho/m 1 .20 1 .20 1 .00 Gx 24.56 72.88 2 .97
rho/f 2.53 2.53 1.00 .....Gy 198.06 325 .07 1.64
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DEGRADED PLY DATA MODULE Temperature and moisture
E-glass[SI] T opr 2 2 .0 0 13.00 0 .5 9
c, wet 0 .0 0 0 .0 1 2 .0 0
Stiffness Baseline Modified Mod/B T cure 1 2 2 .0 0 122 .0 0 1 .0 0
Ex 38 .60 30 .60 0.79 T glass 160.00 140.00 0 .8 8
Ey 8.27 8 .6 8 1.05 T* 1 .00 1.08 1.08
nu/x 0 .26 0 .16 0 .60 delT - 100 .00 -109.00 1.09
Es 4 .1 4 4 .6 7 1.13
ho;E-6 125.00 82.72 0 .6 6 Thermal expansion, E-6 /degree
Micromechanics data alph/x 8.60 8 .60 LOO
vol/f 0 .45 0 .6 8 1.51 alpli/y 2 2 .1 0 1 2 .8 6 0 .5 8
Efx 85 .78 45 .00 0 .52 M oisture expansion, /c
Em 3.40 1.87 0.55 beta/x 0 .0 0 0 .0 0 1 .00
eta/y 0 .52 0 .52 1.01 beta/y 0.60 0.35 0 .58
v*/y 0.63 0 .25 0.39
Efy 85.56 85 .56 1.00 Ply & consti strengths, MPa
eta/s 0 .32 0 .32 1.01 X 1062.00 1465.12 1.38
v*/s 0 .39 0 .15 0.39 X' 610 .00 862 .15 1.41
Gfx 35 .55 35 .55 1 .00 Y 31.00 32 .05 1.03
Y' 118.00 1 2 2 .0 0 1.03
Plane stress stiffness, GPa S 72 .00 74 .44 1.03
Qxx 39 .17 30.81 0.79 Fxy* -0.50 -0.50 1 .00
Qyy 8.39 8 .74 1.04 Xfx 2360.00 2154.58 0.91
Qxy 2.18 1.36 0 .62 Xm 31.00 32 .05 1.03
Qss 4 .1 4 4 .67 1.13
Linear combinations, GPa Strength parameters, E -6
U1 20 .45 17.51 0 .8 6 F xx 1.54 0 .79 0.51
U 2 15.39 11.04 0.72 F yy 273.37 255.73 0 .9 4
U3 3.33 2 .27 0 .6 8 F xy -10.27 -7.11 0 .6 9
U 4 5.51 3 .63 0 .6 6 F ss 192.90 180.45 0 .9 4
U5=GAiso 7 .47 6 .94 0.93 Fx,E-3 -0.70 -0.48 0 .6 8
Quasi-isotropic constants Fy,E-3 23 .78 23 .00 0 .97
EAiso 18.96 16.76 0 .8 8 G xx 1913.93 629 .14 0 .33
nuAiso 0.27 0 .2 1 0.77 Gyy 18881.62 19353.87 1.03
G xy 1712.25 1150.16 0 .67
Density 1.80 2 .1 1 1.17 Gss 3306 .25 3 939 .34 1.19
rlio/m 1 .2 0 1 .20 1.00 Gx 24.56 16.64 0 .6 8
rlio/f 2.53 2.53 1.00 Gy 198.06 200.33 1.01
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IN T A C T  L A M IN A T E  M O D U L U S  M O D U L E  - e la s t ic  an d  h y g ro th erm a l co n sta n ts
[Angle] theta/ 1 theta/2 theta/3 theta/4
[theta] 0 .0 0 60 .00 180.00 300.00 [REPT]+
[#/gip] 1 2 .0 0 2 .0 0 2 .0 0 2 .0 0 1 .0 0
2X ,rad 0 .0 0 2 .09 6.28 10.47 h+/r+, #
4X ,rad 0 .0 0 4 .19 12.57 20.94 18.00
Top z* LOO 0.33 0 .2 2 0 .11
B o ttz* 0.33 0 .2 2 0 .1 1 -0 .0 0
del(z*) 0.67 0 .1 1 0 .1 1 0 .11 h+
0 .0 0
S tiff [Q ]/l [Q]/2 [Q]/3 [Q]/4 [A] [A*]
1 1 .0 0 31 .5 5 16.71 31 .55 16.71 0 .08 0 .0 5
2 2 .0 0 14.12 25.43 14.12 25.43 0 .05 0 .0 6
2 1 = 1 2 3 .6 7 5 .4 4 3 .67 5.44 0 .0 1 0 .0 1
6 6 .0 0 7.23 8 .99 7.23 8.99 0 .0 2 0 .0 2
61=16 0 .0 0 2 .75 0 .0 0 -2.75 0 .0 0 0 .0 0
62=26 0 .0 0 4 .79 0 .0 0 -4.79 0 .0 0 0 .0 1
IAI 0 .0 0
Compl [a], m/GN [a*] Ei o
1 1 .0 0 12.32 0 .04 27 .26
2 2 .0 0 20 .92 0.06 16.05
2 1= 12 -3.01 -0.01 0 .2 4
6 6 .0 0 44 .07 0.13 7 .62
61=16 0 .0 0 0 .0 0 0 .0 0
62=26 0 .0 0 0 .0 0 0 .0 0
Nonmechanical stress(Pa) and strain V */iA
V */ 1A 0.67 -0.06 0 .1 1 -0.06 0 .67
V */3A 0 .0 0 0 .1 0 0 .0 0 -0 .1 0 0 .0 0
pAn/T pAn/c sigAn/T sigAn/c alpha o b eta o
1 .00 0 .0 0 3.11 0 .0 0 1.89 8 .97 0.03
2 .0 0 0 .0 0 -1 .82 0 .0 0 4 .32 1 1 .68 0 .25
6 .0 0 sigAn o epsAn o 0 .0 0 0 .0 0 0 .0 0 0 .0 0
1 .00 -0 .0 1 -0 .0 0 e/x -0 .0 0 0 .0 0
2 .0 0 0 .0 2 0 .0 0 e/y 0 .0 0 -0 .0 0
6 .0 0 0 .0 0 0 .0 0 e/s 0 .0 0 0 .0 0
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D E G R A D E D  L A M IN A T E  M O D U L U S  M O D U L E  - e la s t ic  and  h y g r o th e r m a l co n sta n ts
[Angle] tlieta11 theta/2 theta/3 theta/4
[theta] 0 .0 0 60 .00 180.00 300.00 [REPT]
[#/grp] 1 2 .0 0 2 .0 0 2 .0 0 2 .0 0 1 .00
2X ,rad 0 .0 0 2 .09 6 .28 10.47 h-/r-, #
4X ,rad 0 .0 0 4 .19 12.57 20.94 18.00
Top z* 1 .0 0 0.33 0 .2 2 0 .11
B ottz* 0.33 0 .2 2 0 .11 -0 .0 0
del(z*) 0 .67 0 .1 1 0 .11 . 0.11 h;m
0 .0 0
Stiff [QJ/1 [Q]/2 [QJ/3 [Q]/4 [A],G N/m [A *], GPa
11 .00 30.81 10 .86 30.81 10 .86 0 .08 26 .38
2 2 .0 0 8 .7 4 21 .89 8 .74 21.89 0.03 1 1 .6 6
2 1 = 1 2 1.36 4.76 1.36 4 .76 0 .0 1 2 .1 2
6 6 .0 0 4 .67 8.07 4 .67 8.07 0 .0 2 5.43
61=16 0 .0 0 2.82 0 .0 0 -2.82 0 .0 0 0 .0 0
62=26 0 .0 0 6 .74 0 .0 0 -6.74 0 .0 0 0 .0 0
IAI 0 .0 0
Compl [a], m /G N [a*],l/G Pa Ei o, GPa
1 1 .0 0 12.92 0.04 25 .99
2 2 .0 0 29 .22 0 .09  ‘ 11.49
2 1= 12 -2 .35 -0.01 0 .18
6 6 .0 0 61 .87 0.18 5.43
61=16 0 .0 0 0 .0 0 0 .0 0
62=26 0 .0 0 0 .0 0 0 .0 0
Nonmechanical stress(Pa) and strain V */iA
V */1A 0.67 -0.06 0 .11 -0.06 0 .67
V */3A 0 .0 0 0 .1 0 0 .0 0 -0 .10 0 .0 0
pAn /T pAn /c sigAn IT sigAn Ic alpha o b etao
1 .0 0 0 .0 0 1.76 0 .0 0 0.90 8 .80 0 .0 2
2 .0 0 0 .0 0 -1 .29 0 .0 0 2.62 11.31 0 .2 2
6 .0 0 sigAn o epsAn o 0 .0 0 0 .0 0 0 .0 0 0 .0 0
1 .00 -0 .0 2 -0 .0 0 e/x -0 .0 0
2 .0 0 0 .0 1 0 .0 0 e/y 0 .0 0
6 .0 0 0 .0 0 0 .0 0 e/s 0 .0 0
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STRENGTH ANALYSIS MODULE I -
theta 0 .0 0 60 .00 180.00 300.00 [r] [ze]
#/group 1 2 .0 0 2 .0 0 2 .0 0 2 .0 0 1 .00 0 .0 0
2Xtheta 0 .0 0 2.09 6 .28 10.47 h;m 0 .0 0
Top laminate loads & strains
N i eps o, E-3 (p,q,r)eps In-pl
1 .00 1 .00 12.32 p o 4 .65
2 .0 0 0 .0 0 -3.01 q o 7 .66
6 .0 0 1 .00 44.07 r o 22 .04
On-axis epsilons and curvatures -3.01
epsx o 12.32 19.91 12.32 -18;26
epsy o -3.01 -10.60 -3.01 27.57
epss o 44 .07 -35.31 44 .07 -8.76
< sig > p,q,r<sig> <eps>
1 .00 335 .80 167.90 12.32
2 .0 0 0 .0 0 167.90 -3.01
6 .0 0 335 .80 335 .80 44 .07
Isigl.lepsl 671 .60 3 75 .44 33 .65
max Isigl 671 .60 max lepsl 33.65
BetalBeta2-Beta6A2 -112763.30
Netting analysis, pi /4
[0 ] 8 .25 9 .00
[90] 0 .0 0 0 .0 0
[45] 8 .25 9.00
[-45] 12.85 13.00
#  plies 29.35 3 1 .00
Netting analysis, off-axis cross-ply
N I /[0] 1.62 13.35
N n /[9 0 ] -0.62 7 .9 4
theta/o 31 .72 14.00
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STRENGTH ANALYSIS MODULE I -
tlieta 0 .0 0 60 .00 180.00 300.00 W [zc]
# /group 12 .00 2 .0 0 2 .0 0 2 .0 0 1 .00 0 .0 0
2Xtlieta 0 .0 0 2.09 6.28 10.47 k, m 0 .0 0
Laminate loads & strains
N i eps oJE-3 (p,qjr)eps In-pl
LOO 1 .00 10.57 p o 18.72
2 .0 0 1 .00 26.88 q o -8.15
6 .0 0 1 .0 0 61.87 r o 30 .93
On-axis epsilons and curvatures
epsx o 10.57 49 .59 10.57 -3.99
epsy o 26 .88 -12 .14 26 .88 41 .44
epss o 61.87 -16.81 61.87 -45.05
<sig> <eps>
1 .0 0 335 .80 10.57
2 .0 0 335 .80 26 .88
6 .0 0 335 .80 61 .87
Isigl 671 .60 lepsl 52 .42
max fsigl 671 .60 max lepsl 52.42
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STRENGTH ANALYSIS MODULE II -
theta 0.00 60.00 180.00 300.00
#/group 12.00 2.00 2.00 2.00
2Xtheta 0.00 2.09 6.28 10.47
On-axis mech strains (p,q,r)An
eps x+ 0.01 0.05 0.01 -0.00 0.00
eps y+ 0.03 -0.01 0.03 0.04 -0.00
eps s+ 0.06 -0.02 0.06 -0.05 0.00
afAm 29.78 4.13 29.78 40.86
b+Am 5.56 -1.61 5.56 8.23
b/2a/+ 0.09 -0.19 0.09 0.10
LPF/mech
R+/mech 0.11 0.72 0.11 0.09 0.09
On-axis 0.11 0.72 0.11 0.09
residual strains 0.11 0.72 0.11 0.09
epsxAr 0.00 0.00 0.00 0.00
epsyAr -0.00 -0.00 -0.00 -0.00
eps sAr 0.00 0.00 0.00 -0.00
aY 0.02 0.12 0.02 0.12
bY -0.22 -0.46 -0.22 -0.46
aAr+bAr -0.20 -0.35 -0.20 -0.35
cY -1.20 -1.35 -1.20 -1.35
bAmix/+ -1.16 0.71 -1.16 -3.21
bASmn 4.40 -0.89 4.40 5.03
(b/2a)ASmn 0.07 -0.11 0.07 0.06
LPF/m+r
R+Ain+r 0.14 0.69 0.14 0.13 0.13
0.14 0.69 0.14 0.13
0.14 0.69 0.14 ■ 0.13
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STRENGTH ANALYSIS MODULE II -
tketa 0.00 60.00 180.00 300.00
#/group 12.00 2.00 2.00 2.00
2Xtheta 0.00 2.09 6.28 10.47
On-axis meek strains (p»q»r)Ari
eps x+ 0.01 0.02 0.01 -0.02 0.00
eps y+ -0.00 -0.01 -0.00 0.03 -0.00
eps s+ 0.04 -0.04 0.04 -0.01 0.00
a+Am 18.58 14.25 18.58 29.82
b+Am -0.08 -1.99 -0.08 7.63
b/2a/+ -0.00 -0.07 -0.00 0.13
FPF/mech
R+/meck 0.23 0.34 0.23 0.10 0.10
On-axis 0.23 0.34 0.23 0.10
residual strains 0.23 0.34 0.23 0.10
epsxAr 0.00 0.00 0.00 0.00
eps yAr -0.00 -0.00 -0.00 -0.00
eps sAr 0.00 0.00 0.00 -0.00
aY 0.03 0.22 0.03 0.22
bV -0.25 -0.62 -0.25 -0.62
aAr+bAr -0.22 -0.40 -0.22 -0.40
(ft -1.22 -1.40 -1.22 -1.40
bAmix/+ 0.04 0.20 0.04 -4.44
bASum -0.04 -1.79 -0.04 3.19
(b/2a)ASmn -0.00 -0.06 -0.00 0.05
FPF/in+r
R+Am+r 0.26 0.38 0.26 0.17 0.17
0.26 0.38 0.26 0.17
0.26 0.38 0.26 0.17
198
A p p e n d ix  3 -B
(i) Least squares fit for logrithm creep curve 
s(t) = so + m Log (t)
where s© = eo'sinh (a/aE) and m = m'sinh (o/om)
Considering so and m to be constant determine the best fit for N data points. Let I represent the 
sum of the squared errors and minimize this with respect to so and m.
51
6 s0
= 0 = ~2 Yj + 2  e0 + 2  m Log (t j)
61  2 
- —  = 0 = - 2  Yj Log (t j) + S eoL og(ti) + 2  m (L og(tj))  
o m
The above equations are solved simultaneously to yeild best fit constants so and m
(ii) Least squares fit for hyperbolic sine functions 
so = Eo'sinh (a/aE)
determine so’ and a E to provide the best fit curve for N data points. Let I represent the sum of
the squared errors and minimize by taking the partial derivative of I with respect to s0' and a E 
and set these derivatives to zero.
2  sinh (oj/a8) £oi
and
s0 = ---------------------------
2  sinh ( o j o E)
2
F(cje) = [ 2  sinh (q /a E) s0i ] [2  sinh (arj/aE) cosh (ai/aE) (oi/aE) ]
2 2 
- [ 2  sinh f a i / a E) ]  [2  cosh ( a j / a E)  ( a j / a E)  s 0 i  ]
The roots of the above may render the sum of errors to be stationary. Obtaining a root may be 
difficult because of the shape of the curve. It was found that the bisection method may be used 
to bracket the root and then using this value the Newton-Rapson method may be used for quick 
convergence to the desired accuracy.
The second equation m = m'sinh (o/am) is solved by replacing eq' with m' and o E with a m.
199
This appendix contains the Fortran 90 coding which defines the thermally dependent anistropic 
nature and thermal failure criteria of the composite material.
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** frp
^MATERIAL, NAME=FRP
*USER MATERIAL,CONST ANTS=36
28175.0.20.49.0.34666.24944.0.241.39.0.6319.10262.0.7876.8,
0.89741,-30018.0,23251.0,0.94212,-2344.2,1508.7,0.78903,2417.0,
50.137.0.5321.2389.7.51.862.0.47866,-424.2,295.66,0.6345,
-41.809,352.57,0.67611,34398.0,31367.0,30006.0,9039.0,7614.0,
5612.0.7630.0.7264.0.6306.0
*DEPVAR
36
*USER SUBROUTINES
SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,
+ SCD,RPL,DDSDDT,DRPLDE,DRPLDT,STRAN,DSTRAN,TIME,
+ DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME,NDI,NSHR,
+ NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
+ CELENT,DFGRDO,DFGRDl, NOEL, NPT, LAYER, KSPT.KSTEP,
+ KINC)
INCLUDE 'ABA_PARAM.INC'
CHARACTER*8 CMNAME
DIMENSION STRESS(NTENS),STATEV(NSTATV),
+ DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),
+ STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1),
+ PROPS(NPROPS),COORDS(3),DROT (3,3),DFGRDO(3,3) ,DFGRD 1(3,3)
C UMAT for non-linear anisotropic material
C ---------------------------------------------------------------------
C PROPS(l) to PROPS(3) - STRESS(l) coefficients
C PROPS(4) to PROPS(6) - STRESS(2) coefficients
C PROPS(7) to PROPS(9) - STRESS(3) coefficients
C
c  ____________________________________________________________________
c
C On axis major stress at start of increment
C
IF (STRAN(1).LE.0,0025.AND.STRAN(2).LE.0.0025) THEN 
CALL QUADINT(TEMP,PROPS(28),PROPS(29),PROPS(30),MODOOT)
200
n
o
n
A p p e n d ix  3 -C  { c o n tin u e d }
CALL QUADINT (TEMP,PROPS(34) ,PROPS(35) ,PROPS(36) ,MOD90T) 
IF(KINC.EQ, 1) THEN 
END IF
C
C --------------------------------------------- ------------------------
c
C Poisson's ratios 
C
V00X=0.28
V00Y=0.08
DDSDDE( 1, l)=MODOOT/( 1 -V 00X* VOOY)
DDSDDE(2,2)=MOD90T/(1 - V 00X* V 00Y)
DDSDDE(3,3)=MODOOT/(2* (1+V 00X))
DDSDDE(2,1)=V 00Y *DDSDDE( 1,1)
DDSDDE(3,1)=0.0 
DDSDDE(2,3)=0.0 
ELSE
CALL STRES(S0023S,STRAN(l),PROPS(l),PROPS(2),PROPS(3)) 
CALL STRES(S0045S,STRAN( l),PROPS(4),PROPS(5),PROPS(6)) 
CALL STRES(S0060S,STRAN(1),PROPS(7)}PROPS(8),PROPS(9)) 
CALL STRES(S9023S,STRAN(2) ,PROPS( 19) ,PROPS(20) ,PROPS(21)) 
CALL STRES(S9045S,STRAN(2),PROPS(22),PROPS(23),PROPS(24)) 
CALL STRES(S9060S,STRAN(2),PROPS(25),PROPS(26),PROPS(27))
C
c  ____________________________________________________________________
On axis major stress at end of increment
STRANOO=STRAN( 1)+DSTRAN( 1) 
STRAN90=STRAN(2)+DSTRAN(2)
CALL STRES(S0023E,STRANOO,PROPS(1),PROPS(2),PROPS(3)) 
CALL STRES(S0045E,STRANOO,PROPS(4),PROPS(5),PROPS(6)) 
CALL STRES(S0060E,STRAN00,PROPS(7),PROPS(8),PROPS(9)) 
CALL STRES(S9023E,STRAN90,PROPS( 19),PROPS(20),PROPS(21)) 
CALL STRES(S9045E,STRAN90,PROPS(22),PROPS(23),PROPS(24)) 
CALL STRES(S9060E,STRAN90,PROPS(25),PROPS(26),PROPS( 17))
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c
c  ------------------------------------------ ---------------------------
c
C On axis stress at required temperature at start of increment 
C
TEMP=TEMP+DTEMP
CALL QUADINT(TEMP,S0023S,S0045S,S0060S,SOOTS) 
CALL QUADINT(TEMP,S9023S,S9045S,S9060S,S90TS)
C
c  ---------------------------------------------------------------------
c
C On axis stress at required temperature at end of increment
CALL QUADINT(TEMP,S0023E,S0045E,S0060E,S00TE) 
CALL QUADINT(TEMP,S9023E,S9045E,S9060E,S90TE)
C
C — ------------------------------------------------------------
c
C On axis modulae at required temperature [ Cij ]
CALL MODULUS(SOOTS,SOOTE,DSTRAN( l),COOT,KINC) 
CALL MODULUS(S90TS,S45TE,DSTRAN(2),C90T,KINC)
Poisson's ratios
V00X=0.28
V00Y=0.08
V90X=-0.043361-0.04177*LOG(ABS(STRAN(2)+DSTRAN(2)))
V90Y=0.28
On axis stiffness components [ Qij ]
C
CALL ASET(DDSDDE,ZERO,NTENS*NTENS) 
DDSDDE( 1,1 )=COOT/(1 - V 00X* V 00Y) 
DDSDDE(2,2)=C90T/(1-V90X*V90Y) 
DDSDDE(2,1)=VOOY*COOT
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DDSDDE( 1,2)=V 90X* C90T 
DDSDDE(3,3)=C00T/(2*(1+V00X))
DDSDDE(2,1)=DDSDDE( 1,2)
DDSDDE( 1,3)=0.0 
DDSDDE(2,3)=0.0 
DDSDDE(3,1)=0.0 
DDSDDE(3,2)=0.0 
END IF
C
c  ---------- -----------------------------------------------------------
C Calculate stress at end of increment 
C
DO I=1,NTENS 
DO J=1,NTENS
STRESS(J)=STRESS(J)+DDSDDE(J,I)*DSTRAN(I)
END DO 
END DO 
RETURN 
END
SUBROUTINE STRES(SS,STRAIN,M1,M2,M3)
SS=M1*STRAIN+M2*((ABS(STRAIN)/20)**(M3-1))*STRAIN
RETURN
END
SUBROUTINE QUADINT(TEMP,S23,S45,S60,ST) 
ST=(((TEMP-45)*(TEMP-60))/((23-45)*(23-60)))*S23+
+ (((TEMP-23) * (TEMP-60))/((45-23) * (45-60))) * S45+
+ (((TEMP-45)*(TEMP-23))/((60-23)*(60-45)))*S60
RETURN 
END
SUBROUTINE MODULUS(STS,STE,DE,C,K)
IF (K.EQ.l) THEN 
C=30000.0 
ELSE
C=(STS-STE)/DE 
END IF 
RETURN 
END
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c
C ------ -----------------------------------------------------------
C Calculate servicibility and limit states using Tsai Hill
C ------------------------------------------------- -----------------------
C Thermal dependent ultimate strengths of the FRP material
C
S00TENS=915.56-18.027*(TEMP+DTEMP)+0.14947*(TEMP+DTEMP)**2 
SOOCOMP=233.07-0.058231 *(TEMP+DTEMP)-0.0051597* (TEMP+DTEMP) * *2 
S90TENS=60.627+0.22563*(TEMP+DTEMP)-0.0053235*(TEMP+DTEMP)**2 
S90COMP±230.83-4.9988*(TEMP+DTEMP)+0.038084*(TEMP+DTEMP)**2 
S12SHR=174.87-2.8639*(TEMP+DTEMP)+0.019656*(TEMP+DTEMP)**2
Strength parameters
FXX=1/(SOOTENS*SOOCOMP)
FY Y=1/(S90TENS* S90COMP)
FSS= 1/(S 12SHR* *2)
FX=( l/S00TENS)-( 1/SOOCOMP) 
FY=( l/S90TENS)-( 1/S90COMP) 
FS=0.0
FXY=PROPS(12)*SQRT(FXX*FYY)
Translations of axes
HSHIFT=(1/(4*FXX*FYY-FXY**2))*(-2*FYY*FX+FXY*FY) 
VSHIFT=(1/(4*FXX*FYY-FXY**2))*(FX*FXY -2*FY*FXX)
Translations of equations 
C
U2=FXX
UV=FXY
V2=FYY
U1=2*FXX*VSHIFT+HSHIFT*FXY+FX 
V 1=FXY*VSHIFT+2*FYY*HSHIFT+FY
ULSCON=FXX*HSHIFT**2+FXY*HSHIFT*VSHIFT+FYY*VSHIFT**2 
+ +FX*HSHIFT+
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+ FY*VSHIFT+FSS*STRESS(3)**2+FS*STRESS(3)-1.0 
SLSCON=H7XX*HSHIFT**2+FXY*HSHIFT*VSHIFT+ 
+ FYY*VSHIFT**2+FX*HSHIFT+
+ FY * V SHIFT+FSS * STRES S(3) * *2+FS * STRESS(3) -0.4
C
c  -------------------------------------------------------------
Rotation of axes (angle in radians)
ADJ=FXX-FYY 
ALT=FXY
HYP=SQRT (ADJ* *2+ALT* *2)
COS2PHI=ADJ/HYP 
SIN2PHI=OPP/HYP 
COSPHI=SQRT ((l+COS2PHI)/2)
SINPHI=SQRT ((l-COS2PHI)/2)
Transformed equation
A=FXX* SINPHI* *2-EXY *COSPHI *SINPHI+FY Y * COSPHI * *2
B=FXY*COS2PHI-(FXX-FYY)*SIN2PHI
C=FXX* COSPHI * * 2+FXY * COSPHI * SI NPHI+FY Y * SINPHI * *2
SLS and ULS check
C Major axis check
IF (STRESS(2).EQ.0.0) THEN 
UUBULS=HSHIFT+SQRT(ABS(ULSCON/A))
ULBULS=V SHIFT-S QRT (AB S(ULSCON/A))
UUBSLS=HSHIFT+SQRT (ABS(SLSCON/A))
ULBSLS=HSHIFT-SQRT (ABS(SLSCON/A))
ELSE
UUBULS=HSHIFT+SQRT (ABS((ULSCON-C*STRESS(2) * *2)/A)) 
ULBULS:rflSHIFr-SQRT(ABS((ULSCON-C*STRESS(2)**2)/A)) 
UUBSLS=HSHIFT+SQRT(ABS((SLSCON-C*STRESS(2)**2)/A)) 
ULBSLS=HSHIFT-SQRT(ABS((SLSCON-C*STRESS(2)**2)/A)) 
END IF 
C Minor axis check
IF (STRESS(l).EQ.O.O) THEN 
VUBULS=VSHIFT+SQRT(ABS(ULSCON/C))
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VLBULS=VSHIFT-SQRT(ABS(ULSCON/C))
VUBSLS=VSHIFT+SQRT(ABS(SLSCON/C))
VLBSLS=VSHIFT-SQRT(ABS(SLSCON/C))
ELSE
VUBULS=VSHIFT+SQRT(ABS((ULSCON-A*STRESS(l)**2)/C)) 
VLBULS=VSHIFT-SQRT(ABS((ULSCON-A*STRESS(l)**2)/C)) 
VUBSLS=V SHIFT+SQRT (ABS((SLSCON-A* STRESS( 1) * *2)/C)) 
VLBSLS=VSHIFT-SQRT(ABS((SLSCON-A*STRESS(l)**2)/C)) 
END IF
C Serviceability and limit state verification 
C
IF (STRESS(l).GE.UUBSLS.OR.STRESS(l).LE.ULBSLS.OR.STRESS(2).
+ GE.VUBSLS.OR.STRESS(2).LE.VLBSLS) THEN
IF (MELS(NOEL).EQ.O) THEN
PRINT Serviceability limit state exceeded at element ',NOEL 
MELS(NOEL)= 1 
END IF
ELSE IF (STRESS(l).GE.UUBULS.OR.STRESS(l).LE.ULBULS.OR.STRESS(2). 
+ GE.VUBULS.OR.STRESS(2).LE.VLBULS) THEN
PRINT  NUMERICAL MATERIAL FAILURE -— ’
PRINT 'Ultimate limit state exceeded at element ',NOEL 
PRINT —  Analysis has been terminated — '
STOP 
END IF 
RETURN 
END
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This appendix contains the dimensions of the box beam section as delivered by CU bridges. The 
dimensions shown are used in all numerical analyses. The dimensions of the individual planks, 
used in the numerical analyses, were obtained from Reference re f A.
2130 760
267
± _
T T
2000
Plan Elevation
2130
M ----------------------------------- ► 603< --------►
t603
I
Plan of transverse 
plank
Plan of 
diaphragm
Key
  Connector or diaphragm edge
  Rib of plank
Notes
(i) all dimensions shown are in mm
(ii) the northern face diaphragms 
were fitted, at UOS, after the arrival 
of the box section
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A condition survey was carried out on the box beam section after it arrived from CU-bridges, 
Ware, England. At that time the voids of the planks were not foam filled and no transverse planks 
were in position on the compression flange of the box beam.
Minor surface defects visible to the eye were recorded. The general location of the defects and their 
reference number is shown on Figure B l. Table B1 contains a listing of the exact location and 
description of the defects.
The condition survey identified those areas of the box section which were liable to allow foam 
leakage. The underside of the box beam was not surveyed, as in its test position it was too close to 
the ground to be viewed.
The transverse planks were delivered from GEC and were defect free.
Web of 
box beam
x
t ,
Figure 5-B1 : Locations of the surface defects on the box beam
Post test observation : Following the ripid loading and unloading tests on the beam but
preceeding the one week creep test, the cracks had propragated from 
100mm to 250mm on either side of the holed area indicated at reference 
point 10. No damage was detected at any of the other visible reference 
points.
Web of 
box beam
Top flange of 
box beam
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Appendix 5-B {continued} 
Reference C oordinates
num ber (x, y, z) mm
(Figure A l)
Description of 
condition
G eneral
shape
(20, 0, 0) 
(990, 220, 0)
Crack in connector
Crack throughout 
depth of plank 
laminate
\
(990,310, 0) Crack throughout 
depth of plank 
laminate
(1250, 350, 0) Hole in plank,
delamination and 
bare fibres visible
(1130, 1310, 0) Cracked laminate
and delamination
(1130, 1370, 0) Deep delamination
in connector edge
(1120 .1580 .0) Cracked laminate 
and delamination
(1370 .1980 .0) Indentation, crack 
and delamination
(1700, 2060, 0) Indentation, crack
and delamination
10
11
(460, 0, 670)
(460, 0, 500)
Hole, delamination 
and fibre debondim)
Deep crazing and 
crack
— a
Hole
Delamination
Indentation
Crack
Table 5-B1 : Condition of areas referenced on Figure BI
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The beading pattern adopted to joint the transverse planks to the box section is shown.
2130
95
4 _
T
2000
Longitudinal
direction
T ransverse 
direction j
Key
---------- Bead of CIBA adhesive
  Connector edge longitudinal plank
Transverse plank 
100 mm pultruded ‘dog bone’
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The locations of the recesses cut in the ACME panels are shown. These recesses ensured that the 
ER gauges and their associated cables were not in contact with the ACME panels.
A p p e n d ix  5 -D
N o t e s
(i) all dim ensions are in mm
(ii) all recesses are 5 mm  
deep
(iii) recesses shown are on 
underside o f wood; ie in plan 
die strain gauges and recesses 
are located on die soudi east 
quadrant o f the box section
K ey
□ Wood 
R ecess in wood
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The locations and reference numbers of the ER gauges used in the test are shown.
1065
Kei CD
References for web
8mm ER gauge I
u n
gauges
Web 1 hori west 
Web 1 vert west 
Web 1 hori east 
Web 1 vert east 
Web 2 hori west 
Web 2 vert west 
Web 2 hori east 
Web 2 vert east 
Web 3 hori west 
Web 3 vert west 
Web 3 hori east 
Web 3 vert east 
Web 4  hori west 
Web 4  vert west 
Web 4  hori east 
Web 4  vert east
: no gauge 
: ER-W-15 
ER-W-01 
ER-W-00 ^
: ER-W-03 3 8 2 
: ER-W-02 
ER-W-05 ^
ER-W-04 
: ER-W-06 
: ER-W-07 
: ER-W-09 
ER-W-08 
: ER-W -11 
: ER-W-10 
: no gauge 
ER-W-19 '
382
60mm ER gauge
m
k -
1000
9 8 0
m r r r r t m
Gauge arrangement on
W est face web 1 
East face web 4
<p
♦ j
.............................................. ......
< p ©
Gauge arrangement on
East face o f w eb 1 
W est & east face web 2 
W est & east face web 3 
W est face web 4
>1 k - 40
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Sketches FI and F2 show the outside and inside of the CDT gauges, respectively.
Sketch 5-F1 : The outside of a CDT gauge.
Energising current 
source
4 number strain gauges { 2 top & 2 
bottom - full Wheatstone bridge 
network}
Multimeter reading 
location
Encastre cantilever support - housed 
inside metal casing {see sketch 
above}
Cantilever
membrane
Ball joint
Elastomeric
sleeve
Steel rod - 
displacement arm
Note : the cantilever is a silver steel 70mm long x 
15mm wide x 0.5 mm membrane.
Sketch 5-F2 : The inside of a CDT gauge.
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The calibration curves and their associated polynomial curvefit coefficients are given. Because the 
polarity of CDT-11 and CDT-12 are opposite to the other CDT gauges their traces are mirrored 
through the ordinate axis of the graph; this enables easier viewing of all the curves by decreasing 
the scale on the absicca axis. The curvefit parameters given for CDT-11 and CDT-12 have not 
been adjusted.
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Potential (mV)
 • CDT-01 -  -  * -  - CDT-04 -  - • CDT-07 . . . . . . . . .  CDT-10
   - CDT-02 . - ♦ . . CDT-05 — - - - - C D T - 0 8  - - * - - CDT-11
— — - CDT-03 -----   -  - CDT-06 - - - - - - -  CDT-09 - - - o - - - CDT-12
Figure 5 -F 1 : Calibration curves for the cantilever displacement transducers (CDT) 
Curvefit equation;
Displacement (pm) = Cl + C2* [Potential (mV)j + C3 * [Potential (mV)]2
Gauge Cl C2 C3 Curvefit
reference reliability
CDT-01 -933 609010 0 0.9998
CDT-02 -435 475060 3972800 0.99988
CDT-03 -31 461400 7316300 0.99996
CDT-04 -948 415820 8308700 0.99989
CDT-05 523 443880 8068200 0.99983
CDT-06 982 537620 4393800 0.99996
CDT-07 -1372 405230 7068300 0.99996
CDT-08 815 478510 6548100 0.99992
CDT-09 253 439750 7199700 0.99989
CDT-10 -840 450910 7620900 0.99995
CDT-11 -644 -412110 8166800 0.99983
CDT-12 233 -529200 4226400 0.99999
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*
N
T ransverse Detail A
ACCS
Distance of stroke rods from top surface of plank
Gauge Distance (mm) Gauge Distance (mm)
reference from top surface reference from top surface
CDT-01 0 CDT-07 0
CDT-02 40 CDT-08 53
CDT-03 0 CDT-09 0
CDT-04 53 CDT-10 40
CDT-05 120 CDT-11 80
CDT-06 80 CDT-12 120
Plan view of central transverse plank of box section showing area where 
cantilever displacement transducers were situated
Key
  rib of plank
  1 300 x 300 HB
— J wheel loading pad
I  cantilever transducer
All dimensions in mm
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This appendix shows the location of the LVDT transducers together with their calibration curves. 
Although referenced as LVDT transducers it should be noted that LVDT-03 and LVDT-04 were 
potentiometers, their calibration slopes were 1.2 pm / mV.
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<2
1000
225
225
225  
i i
, j , r 
225i i i i*
225  
. } £
0  LVDT-01
LVDT-02
> 300x3001J HB |) Wheel iw v v v v 1
LVDT-05
LVDT-06
-  LVDT-07
1065
0  LVDT transducer 
N ote at point A
LVDT-03 upper flange o f box beam transverse ACCS plank 
L V D T -04 upper flange o f box beam longitudinal ACCS plank
Figure 5-G I : Locations of LVDT transducers on box section
S
4—»C<L>a
tx
C/3s
Potential (pm)
Figure 5-G2 : Calibration curves for LVDT transducers
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Site V isit to Bond Mill Bridge -  condition survey
The bridge at Bonds Mill was inspected on 12 August 1994 at the commencement of the contract 
and it was generally in good condition, there are two points which should be mentioned.
There appeared to be shear 'marks' under the epoxy resin coating at one end of the bridge (the 
south west end).
There was a transverse crack on the ACME board at the south end of the bridge at the position of 
the steel angles encapsulating the end of the ACME board. Vehicles coming from the industrial 
estate approach the essentially level bridge from a rising hill and consequently there tends to be a 
more severe impact load on the south side of the bridge superstructure compared with the normal 
impact load which would occur on the north side as the wheel of the vehicles come in contact with 
the bridge deck. This constant impact load damaged the ACME plank and allowed rain to enter the 
crack. The rain did penetrate the ACCS transverse plank and at a later date Maunsell replaced both 
the ACCS plank and ACME board.
The bridge was inspected for the last time under this contract on 31 May 1995.
The bridge was generally in excellent condition apart from the same position on the running 
surface which was reported during the first visit. The constant impact on the bridge of the vehicles 
entering it from the industrial estate had loosened the bolts holding the metal angle which 
encapsulates the end of the ACME board, furthermore, the angle piece moved considerably as 
vehicles passed over it; some of the bolts could be removed from their housing by hand. Although 
it could not be confirmed, because of the angle section, it could be that one or two ACME board 
have also become loose in relation to the ACCS transverse planks.
The north end running surface of the bridge is in a satisfactory condition.
The ACCS planks which are directly exposed to the atmosphere are in a satisfactory condition with 
no apparent damage or degradation. The shear 'marks' under the epoxy resin coating, mentioned 
in the report of the first visit, could not be seem. The handrails are in good condition except that 
two or three of the capping pieces are missing, it is suggested that these have probably been 
removed deliberately; the adhesive material remains in contact with the vertical posts.
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The Fatigue Tests 
1-1 The Loading Technique
In this investigation two fatigue tests were undertaken, one on a foam filled plank and the other on 
an unfilled one. The foam used was identical to that placed in the main box section (viz CIBA two 
part epoxy foam and activating agent) and was foamed in place at the University of Surrey. The 
planks were simply supported on rollers which were placed at 500 mm apart. The fatigue load was 
applied to the centre of the plank through a 200 mm x 200 mm x 17.76 mm thick Acmeflooring 
plate with identical mechanical properties to those used in the main box beam test. The deflection at 
the centre of the plank immediately under the applied load was recorded in the tests; no strain 
measurements were taken.
The deflections were recorded at intervals via a cantilever displacement transducer (CDT) similar to 
that used to monitor the foam deformations during the main static tests on the box beam; during 
these tests the transducers were read to the nearest millimetre. As a check on these readings a dial 
gauge was set on the ACME plate and the readings from this gauge were noted occasionally. The 
load on the Maunsell planks were cycled between 200 kg and 2000 kg at an average frequency of 
1.2 Hz.
1-2 The Impact Machine
The fatigue tester was driven by compressed air through a load cylinder; this was fitted to a lever 
arm connected via a load cell in series with the sample. Operation is controlled by a Hewlett 
Packard 330 workstation on feed back from the load cell. The controlled regime was independent 
of the airline pressure and acted through magnetic flip flop valves; it provided versatility for 
program selection. The regulators were fitted to control the speed of application and to exhaust 
separately.
A dedicated electrical system was built to service the electro-mechanical requirements. The load 
cell rated at 5000 kg, was of the preloaded type and energised at 10 volts; the whole was supplied 
by RDP Electronics Ltd. The load signal was amplified and digitised by an A/D converter 
connected to the Hewlett Packard general parallel interface bus.
The program monitored the load cell and switched off the pneumatic power when reaching the 
high load level 'SET HIGH' and operated the exhaust support until the value 'SET LOW' was 
obtained when the exhaust was shut and the counter incremented. The pneumatic power was then 
reintroduced to repeat the cycle. The accuracy of load sensing was + or -  1% at the setting of 200 
-  2000 kg, and with the HP Live Keyboard concept, the SET HIGH, SET LOW can readily be 
re-evaluated whilst the process is running.
The frequency of operation was 1.2 Hz average, and depended upon the availability of high 
pressure air utilised by other equipment. Speeds below 0.9 Hz cause the apparatus to develop 
irregular oscillations and to reduced the accuracy of load discrimination. At every million cycles it 
was necessary to stop and to replace the relays which reached their usable maximum life, 
otherwise the unit functions continuously.
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1-3 The Test Results 
I~3a The Unfilled Plank
The unfilled plank was severely damaged after 41743 cycles and as might have been predicted the 
ribs of the plank, immediately under the loading pad buckled and delaminated at the junctions with 
the top and bottom horizontal walls of the plank. This then caused two longitudinal splitting 
failures in the top horizontal wall of the cell of the plank parallel to the sides of the ACME plate on 
either side of them and some 25 mm from them; these positions coincided with the ribs of the 
plank.
I-3b The Filled Plank
The foam filled plank initially had a deflection of 2 mm under the maximum fatigue load. After 
3.26 x 106 cycles the deflection had risen to almost 4 mm (towards the end of the test period a 
deflection of 4 mm was noted although when the test was terminated the value recorded was 3 
mm). At the conclusion of this test the panel was cut longitudinally and transversely and no visible 
change in the surface of the specimen was noted. However, as a result of the foaming operation 
the top surface of the foam adjacent to the plank tended to contain some air voids and along the 
bottom horizontal interface between the cell wall and foam of the test piece debonding had 
occurred. This may have happened during the fatigue testing or alternatively the foam may not 
have bonded to the cell wall during the foaming operation due to grease or other foreign matter on 
the inside of the cell wall of the ACCS plank.
